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Cascade air-to-water heat pumps have better overall efficiency than single-stage
air-to-water heat pumps when operating at low ambient temperatures for high
temperature water supply. Cascade heat pumps therefore have good potential
for retrofitting UK domestic buildings because they can directly replace exist-
ing conventional boilers without significant modifications to the heat distribu-
tion systems, compared to single-stage heat pumps. However, little informa-
tion about retrofit applications of cascade heat pumps in residential buildings
is available in the literature, especially for the UK’s context.
In this research, the techno-economic assessment of a variable capacity cascade
air-to-water heat pump retrofitted into UK residential buildings was conducted
by means of experimentally validated TRNSYS simulations. The cascade heat
pump coupled with thermal energy storage operating in different scenarios was
further studied. Laboratory and field trial results were obtained to develop and
calibrate/validate the developed models. Additionally, different load shifting
strategies for the integrated system of the cascade heat pump and thermal en-
ergy storage were simulated. These simulations were investigated to find the
best load shifting algorithm which could help to achieve enhanced system en-
ergy efficiency with minimised running costs and reduced wind energy curtail-
ment, while avoiding peak demand periods and guaranteeing thermal comforts
for end-users.
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Chapter 1
Introduction, Literature Review and
Motivations of This Research
1.1 Introduction
1.1.1 Air-to-water heat pumps as a means for decarbonising
UK domestic heating
In the European Union, buildings accounted for about 40% of the energy con-
sumption and 36% of CO2 emissions [9]. In the UK, the domestic sector was
responsible for the second highest final energy consumption since 1990 (Figure
1.1). In 2017 particular, this sector accounted for 28% of total final energy con-
sumption [1] and 17% of all carbon dioxide emissions [10]. Space and hot water
heating demands comprised approximately 83% of heat emissions at this sector
(Figure 1.2) [2], and about 88% of these demands were provided by fossil-fuel
boilers [11]. With the commitment to reducing greenhouse gas emissions by at
least 100% by 2050 compared to 1990 levels [12], many researchers and policy
makers in the UK have focused on decarbonising space and hot water heating
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at the domestic level by using renewable-based alternatives, such as greening
gas or heat pumps.
FIGURE 1.1: Final energy consumption by sector in the UK [1].
FIGURE 1.2: Emissions from heat at the UK domestic level in 2017 [2].
Greening gas (utilising biomethane or hydrogen) is attractive for decarbonising
domestic heating; however, this technology seems to cost much money and lack
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of convinced results. Alternatively, decarbonising heating through heat pumps
using electricity seems to be more feasible in practice.
Heat pumps have been used as a retrofit solution due to its high efficiency as
well as capability to directly replace existing fossil-fuel boilers. Furthermore, an
increasing proportion of electricity generation from renewable sources, such as
solar, wind, etc., means heat pumps have increased potential to reduce carbon
footprint in the UK. This is because the carbon intensity on the grid has been
decreased considerably [13]. For example, in the first six months of 2018, there
was a reduction of 19% in the electricity carbon emissions factor compared to
the previous year [14]. Since ground source heat pumps (GSHPs) have signifi-
cantly higher initial costs than conventional heating systems (mainly due to the
capital costs of the heat pump unit and the ground work) [15], air-to-water heat
pumps (AWHPs) appear attractive for building retrofit.
1.1.2 Cascade air-to-water heat pumps as a retrofit solution
UK residential buildings heavily rely on fossil-fuelled boilers to satisfy space
and hot water demands. Conventional boilers have been well established with
high temperature distribution systems (over 60 °C), such as traditional wet ra-
diators, hot water tanks, pipes, etc. However, heat pumps’ efficiency inevitably
reduces when working at high temperature lift, so replacing existing boilers
with heat pumps should be carefully considered.
According to BS-EN 14511:2013 [16], AWHPs can be categorised based on outlet
water temperature ranges, which are described as: (1) low temperature (35 °C);
(2) medium temperature (45 °C); (3) high temperature (55 °C); and (4) very high
temperature (above 65 °C). AWHPs in which the flow temperatures reach up to
55 °C are normally single-stage heat pumps, and they are re-defined as standard
AWHPs in this thesis. AWHPs that can produce outlet water temperatures over
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65 °C are named high temperature AWHPs (HT-AWHPs). HT-AWHPs in the
UK market include heat pumps with optimised design for specific refrigerants,
cascade systems, Enhanced Vapour Injection (EVI) and sorption [17].
As for the retrofit aspect in the UK, using standard AWHPs (or single-stage
AWHPs) to replace existing conventional boilers is unlikely to be viable. This is
due to high installation costs as a result of considerable adjustments to the heat
distribution systems to increase heat pumps’ efficiency. Therefore, standard
AWHPs are more suitable for installing in new buildings rather than for retrofit
purposes. HT-AWHPs, cascade air-to-water heat pumps (CAWHPs) to be more
specific, may be a potential solution for retrofitting the UK built environment
since they are designed to work more efficiently at high temperature water sup-
ply compared with standard AWHPs (single-stage AWHPs). CAWHPs can pro-
vide high flow water temperatures that are the same as the outlets of boilers,
thereby being able to replace existing boilers without the requirement of signif-
icant modifications to the heat distribution systems. As a result, it can help to
reduce installation costs and disruptions when retrofitting.
1.1.3 Market analysis of cascade air-to-water heat pumps for
retrofit in the UK
There were about 27.4 million and 800000 domestic dwellings in Great Britain
[18] and Northern Ireland [19], respectively. Approximately 85% of these dwellings
are using gas boilers to satisfy space heating and hot water demands, while the
rest 15% is utilising solid fuel, oil or electricity to supply heat demands as they
are in off-gas-grid areas in which there were approximately from 4.1 million to
4.6 million residential buildings [20].
Standard AWHPs are unlikely to be a feasible solution for retrofit as of high
installation costs due to the required replacement of high distribution systems
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such as radiators, pipes, hot water tank, etc. Alternately, gas boilers and HT-
AWHPs, particularly cascade heat pumps, are more potential because the mod-
ification of high distribution systems can be avoided.
Due to the current competitive gas prices in the UK, replacing conventional
boilers with gas-fired ones in domestic buildings is more preferable than high
temperature heat pumps where gas networks are available. Therefore, CAWHPs
are more suitable for retrofitting into dwellings in off-gas-grid places. Accord-
ing to the research of Department for Business, Energy and Industrial Strategy
[20], the authors estimate that the potential market for this kind of heat pumps
is from 25% to 50% of off-gas-grid buildings (approximately 1 - 2.3 millions
dwellings).
The product costs of CAWHPs are high, ranging from about £5900 to £7900
with respect to product capacity ranges of 11 kW and 16 kW [21] [22]. The
installation costs were from £3000 to £4000 [17] . As a result, the capital costs
for retrofit with this kind of heat pumps turn out to be £8900 - £11900, which is
high in the UK market.
1.1.4 Cascade air-to-water heat pump: State-of-the-art of the
technology
CAWHPs differ from single-stage AWHPs in the capability of providing high
flow water temperature (over 65 °C) with better overall efficiency at low am-
bient temperatures. In terms of system design, the main difference between
CAWHPs and single-stage AWHPs is that the former has two refrigerant cycles
connected by an intermediate heat exchanger or a middle water loop, whilst the
latter has only one refrigerant stage. According to the recent reviews of Chua
et al. [23] and Zhang et al. [3], cascade heat pump systems were first invented
by Ma et al. [24] in 2001. These cascade heat pumps had a middle water loop
Chapter 1. Introduction, Literature Review and Motivations of This Research 6
to exchange the heat between two refrigerant cycles, as shown in Figure 1.3a.
Later on, many fellow researchers developed cascade heat pump systems fur-
ther using intermediate shell-tube or plat-shell heat exchangers (Figure 1.3b)
instead of middle water loops. Nowadays, cascade heat pumps featured with
intermediate heat exchangers are becoming popular.
FIGURE 1.3: Schematic of a cascade air-to-water heat pump with: (a) middle
water loop; (b) intermediate heat exchanger [3].
A CAWHP comprises two separate single-stage refrigeration cycles, including
the lower refrigeration cycle maintaining a lower evaporating temperature and
providing a refrigeration effect, and the higher refrigeration cycle working at
a higher evaporating temperature [25], as depicted in Figure 1.3. These two
refrigeration cycles using different refrigerants are joined by a water loop or an
intermediate heat exchanger to transfer heat from the condenser in the lower
refrigeration cycle to the evaporator in the higher refrigeration cycle.
In Figure 1.3b, the refrigerant R-410a is utilised in the low cycle, while the re-
frigerant R-134a is used in the high cycle. The refrigerant R-410a is capable of
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evaporating at low ambient temperatures and condensing at a comparatively
low pressure and a temperature of approximately 45 °C [17]. Then, the heat
from the condenser of the low cycle is transferred to the evaporator of the high
cycle via the intermediate heat exchanger, which causes the refrigerant R-134a
to evaporate. After that, this refrigerant is condensed at low pressures to trans-
fer heat to the water side, which can bring the outlet water temperatures up
to 80 °C. Based on this state-of-the-art of the technology, CAWHPs can address
the problems of high compressor ratios and high discharge temperatures occur-
ring in single-stage AWHPs when attempting to lift outlet water temperatures
to high levels.
1.1.5 Heat pumps coupled with thermal energy storage as a
demand-side management tool
A rising proportion of renewable electricity generation from renewable sources
(e.g. solar, wind, etc.) in combination with the widespread uptake of heat
pumps has been considered as a solution for reducing carbon footprint at the
domestic level [4]. Nevertheless, a significantly increasing number of heat pumps
retrofitted into residential buildings may pose some challenges to the electricity
supply network. For example, the low voltage distribution network will bear a
potential burden of heavy load if a widespread uptake of heat pumps happens.
This is highly likely to result in voltage dips and cable overload [26]. Therefore,
attentions should be paid carefully if there is high penetration of heat pumps
retrofitted. Furthermore, renewable energy generation (especially wind energy)
has increased in the UK, but there are high figures of wind curtailment because
of the mismatch between electricity supply and demand [27].
Thermal energy storage (TES) coupled with heat pumps for load shifting has
significant merits for demand-side management that may play a considerable
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role in future energy systems with increased proportions of non-dispatchable
renewable energy [28]. This system can be used as a means for shifting load
from peak-demand to low-demand periods or from high to low electricity rates,
which can help to balance the grid and reduce electricity bills for end-users
when taking advantage of electricity tariffs [29]. Additionally, such a system
can help increase consumption of intermittent renewable energy by means of
shifting the operation of heat pumps for storing energy to periods when high
figures of renewable energy are unused. For example, the high figures of wind
curtailment occurring at night (off-peak periods) can be mitigated if the thermal
demands are shifted to this period thanks to the flexibility of TES coupled with
heat pumps. Moreover, TES combined with heat pumps is potential to increase
buildings’ energy efficiency [30].
In short, the coupling system of heat pumps and TES for load shifting is a
promising technology for mitigating the burden on the national utility and im-
proving proportions of renewable energy to be integrated onto the grid when
an increasing number of heat pumps, cascade air-to-water heat pumps in par-
ticular, are retrofitted.
1.2 Literature Review
1.2.1 Literature review on single-stage air-to-water heat pumps
as a retrofit technology
There are many studies conducting the performance of AWHPs when retrofitted
into existing housing stock in different nations, but most of them considered
single-stage AWHPs reproducing low or medium flow temperatures (below 60
°C). Madonna and Bazzocchi [31] used in-situ validated simulations to evaluate
the annual performance of reversible AWHPs in small residential dwellings in
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Italy. The supply temperatures were limited to 45 °C. Asaee et al. [32] assessed
the techno-economic feasibility of retrofit AWHPs for the Canadian housing
stock. The space and domestic hot water (DHW) heating was provided from
two stages. The first stage was supplied by the AWHPs to provide the outlet
water temperature of 50 °C, and then the 50 °C water flow was heated in the
second stage to a maximum of 55 °C by auxiliary boilers. The study found
that the reductions of 36% of energy consumption and 23% of green-house gas
emissions could be achieved if all eligible houses were retrofitted by the single-
stage AWHPs. In Germany, the field test results of 21 single-stage AWHPs and
22 brine-to-water GSHPs were gathered to evaluate the heat pumps’ retrofit
performance [33]. The tested heat pump systems comprised the heat pump
units providing hot water floor heating and/or radiators with the flow tem-
peratures of 40 °C and 55 °C, respectively. In the UK, Kelly and Cockroft [13]
evaluated the running costs and carbon emissions of single-stage AWHPs when
retrofitted into domestic dwellings in Scotland. The retrofit AWHPs fed hot wa-
ter radiators with the nominal flow temperature of 55 °C, whereas DHW was
supplied separately by electric heating coils. The authors concluded that the
retrofit AWHPs could obtain 12% carbon savings compared to condensing gas
boiler systems, but there was a cost penalty of 10% to operate the heat pumps.
Cabrol and Rowley [34] conducted a comparative analysis of the UK domes-
tic buildings with the integrated system of underfloor heating and single-stage
AWHPs. Both the Energy Saving Trust (EST) and Department of Energy and
Climate Change (DECC) [20] investigated two main field trials for single-stage
AWHPs and GSHPs in the UK, and both field trials considered outlet water
temperatures between 30 °C and 55 °C.
However, using single-stage AWHPs as a retrofit alternative is unlikely to be a
feasible solution in practice. This is because 35% of the EU’s buildings [9] and
27.5 million UK’s residential houses [35] are ageing, heavily relying on conven-
tional boilers with high temperature (over 60 °C) heating distribution systems
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(wet radiator systems) to supply space and hot water heating demands. Indeed,
the existing high temperature wet radiators were designed to work efficiently
with the flow temperature of 75 °C as suggested by BS-EN 442-2:2014 [36]. In
order to provide this high outlet water temperature, the condensing tempera-
ture in single-stage AWHPs should be kept at a high level, which leads to high
compression ratios and high compressor discharge temperatures as stated by
Jung et al. [37]. Besides, at low ambient temperatures, the efficiency and heat
capacity of an air source heat pump water heating decrease when attempting to
lift its outlet water temperatures above 60 °C [25]. Therefore, replacing existing
boilers with single-stage heat pumps in the housing stock of the EU, particu-
larly the UK, is more difficult because it requires the adjustment of the heat
distribution systems, which results in high installation costs and disruptions
when retrofitting. Furthermore, recent field trials [20] and previous studies
[13] [34] investigated the techno-economic performance of retrofit single-stage
AWHPs in the UK with the compromise of using oversized or underfloor radi-
ators; however, the authors did not consider the installation costs.
1.2.2 Literature review on cascade air-to-water heat pumps for
domestic space and hot water heating
A CAWHP comprises two separate single-stage refrigeration cycles, including
the lower refrigeration cycle maintaining a lower evaporating temperature and
providing a refrigeration effect, and the higher refrigeration cycle working at a
higher evaporating temperature [23]. These two refrigeration cycles are joined
by an intermediate heat exchanger to transfer heat from the condenser in the
lower refrigeration cycle to the evaporator in the higher refrigeration cycle.
Therefore, CAWHPs can address the problems of high compressor ratios and
high discharge temperatures occurring in single-stage AWHPs when attempt-
ing to lift the outlet water temperatures to high levels [37]. According to the
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study of Bertsch and Groll [38], a cascade compression system could also ob-
tain better performance at low external air temperatures. As a result, CAWHPs
may be a potential solution for retrofit application in the UK since they can
directly replace existing boilers without the requirement of considerable mod-
ifications to the heat distribution systems, thereby reducing installation costs
and disruptions compared to single-stage AWHPs.
The number of studies on CAWHPs for space and hot water heating has in-
creased recently, according to the extensive reviews of Chua et al. [23]; Willem
et al. [39]; and Zhang et al. [3]. For example, Jung et al. [37] carried out experi-
ments to compare the performance between a cascade multi-functional AWHP
and a single-stage multi-functional AWHP providing space and hot water heat-
ing. The performance of the cascade heat pump was measured by adjusting
the refrigerant charge amount, electronic expansion valve opening, water flow
rate, and water inlet temperature. Park et al. [40] conducted a thermodynamic
analysis with the aims to optimise the intermediate temperature of a cascade
refrigeration system. Later on, these authors investigated another study on the
transient behaviour of the system of a cascade heat pump coupled with a water
storage tank [41]. Optimising the intermediate temperature of a CAWHP sys-
tem using R134a and R410A refrigerants was also studied by Kim et al. [42].
Kim et al. [43] further carried out how the refrigerant charge amount affected
the cascade heat pump cycles. Ma et al. [44] investigated how other working
fluids (BY-3 in the low-stage refrigerant cycle and R245fa in the high-stage re-
frigerant cycle) influenced cascade AWHPs. Wu et al. [25] experimentally eval-
uated the transient behaviour and dynamic performance of a cascade AWHP
system operating with and without phase change material storage tank. This
study also compared the performance between single-stage mode and cascade
mode. Wang et al. [45] developed a cascade AWHP system in which the heat
of the two-stage cycles was exchanged by a circulating water loop. This heat
pump system was then tested in a field trial located in the northwest suburb
Chapter 1. Introduction, Literature Review and Motivations of This Research 12
of Beijing, China, with the aim to enhance the working condition and heating
performance under cold climates.
Whilst there are many studies on CAWHPs investigating the specific feature of
equipment performance as mentioned above, little information about CAWHPs
for the real retrofit applications in residential buildings, especially attempting
to quantify energy and carbon savings, is available in literature. Summary of
the research about CAWHPs can be seen in Table 1.1. Recently, the UK De-
partment for Business, Energy and Industrial Strategy [17] released a technical
report aiming to investigate the retrofit potential of domestic high temperature
air source heat pumps for space and hot water heating. This research was car-
ried out by gathering short-term field trial results in different sites across the
UK. Another study by Shah et al. [46] conducted field trials of a cascade AWHP
integrated with a TES tank to highlight its retrofit performance in the UK, but
again the field trials were carried out in short periods. However, short-term
field trials alone could not accurately evaluate the potential costs and carbon
savings of these heat pumps because AWHPs’ performance is sensitive to sea-













TABLE 1.1: Summary of research about CAWHPs for domestic space and hot water heating in the literature.
Reference Type of article Objective Method Category
Chua et al. [23] Literature review - - -
Willem et al. [39] Literature review - - -
Jung et al. [37] Research Compare the performance between a Experiment Equipment performance
cascade multi-functional AWHP and
a single-stage multi-functional AWHP.
Park et al. [40] Research Optimise the intermediate temperature Modelling Equipment performance
of a cascade refrigeration system.
Park et al. [41] Research Transient behaviour of the system of Modelling Equipment performance
a cascade heat pump coupled with TES.
Kim et al. [42] Research Optimise intermediate temperature Experiment & Equipment performance
of a CAWHP system. Modelling
Kim et al. [43] Research Impacts of refrigerant charge amount Experiment & Equipment performance
on cascade heat pump cycles. Modelling
Ma et al. [44] Research Impacts of BY-3 in low-stage refrigerant Experiment & Equipment performance
cycle and R245fa in high-stage Modelling
refrigerant cycle on CAWHPs.
Wu et al. [25] Research Transient behaviour and dynamic Experiment Equipment performance
performance of a CAWHP with and
without PCM storage tank.
Wang et al. [45] Research Develop a CAWHP system with a Experiment Equipment performance
circulating water loop.
DECC [17] Technical Report Investigate retrofit potential of domestic Evidence Equipment performance &
high temperature air source heat pumps gathering Integrated performance
for space and hot water heating. with building
Shah et al. [46] Research Field trials of a CAWHP with TES. Experiment Integrated performance
with building
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1.2.3 Literature review on modelling and simulations of cas-
cade air-to-water heat pump
There are many publications about modelling and simulations of CAWHPS that
were validated against laboratory and in-situ results; however, most of mod-
elling work was carried out for equipment performance. For example, Park et
al. [40] developed a mathematical model, which was validated against labora-
tory results, to investigate the thermodynamic analysis of a cascade refrigera-
tion system with R134a and R410A to find the optimal intermediate tempera-
ture. The author and co-workers later developed another experimentally vali-
dated steady-state cascade heat pump model coupled with a water storage tank
model to assess the transient behaviour of the system [41]. Soltani et al. [47]
modelled and compared three AWHP systems, including single-stage, single
refrigerant cascade and two-refrigerant cascade, to ascertain the suitability of
cascade heat pumps for hydronic residential systems. Kim et al. [42] carried out
a numerical and experimental study of a cascade AWHP adopting R134a and
R410A refrigerant to optimize intermediate temperature of the system. These
authors also conducted another study about the effect of the refrigerant charge
amount on single and cascade cycle heat pump systems by means of numerical
and experimental approaches [43].
1.2.4 Literature review on the coupling system of cascade air-
to-water heat pumps with thermal energy storage
Although there are many merits that the combined system of heat pumps and
TES can bring to, few studies in the literature conducted the integrated perfor-
mance with buildings of CAWHPs and TES. For example, Wu et al. [25] carried
out a study of cascade heat pump water heater with phase change material
storage. However, this work just limited at laboratory experiments to study the
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transient and dynamic performance of the heat pump rather than integrated
operations with buildings. Park et al. [41] developed and validated the models
of a cascade heat pump water heater and a water storage tank to investigate the
system performance, but this study also limited at equipment level rather than
integrated level with buildings. Shah et al. [46] carried out a performance eval-
uation of a CAWHP with TES in different system configurations in a residential
dwelling. Nevertheless, the varied system configurations were experimentally
conducted under different weather conditions, so the findings just limited at
highlighting the performance at each system operation rather than an extensive
comparison.
1.2.5 Literature review on load shifting for heat pumps cou-
pled with thermal energy storage in residential buildings
TES supporting heat pumps for load shifting can play a significant role in avoid-
ing the overload problems of the grid and renewable energy curtailment [28].
As a result, load shifting has become an attractive research topic. According to
the extensive literature reviews of Fischer and Madani [48] and Pean et al.[49],
there are two main control approaches to shift electrical heating or cooling de-
mands: non-predictive control and model predictive control. While the lat-
ter has been found to outperform the former at achieving control goals (e.g.
minimising running costs, maximising thermal comfort, etc.), the high costs of
needing expertise in design and computational resources of a predictive model
are such problems to be considered [48]. In contrast, non-predictive control
can be simply designed without requiring many computational resources, but
it still shows good performance and robustness. Non predictive control can
be categorised as: rule-based control and fixed scheduling. Rule-based control
can be simply defined as if-then algorithms. Fixed scheduling is a demand-side
management (DSM) control approach in which the operation of heat pumps is
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blocked to the predefined hours to avoid peak power demand or high electric-
ity rates. The predefined hours can be identified based on the already available
information of a national electricity grid or the availability of static time-of-use
tariffs. Fixed scheduling is simple and implemented easily, and it can obtain
a substantial performance with better results than more advanced rule-based
controls at some points [48]. Therefore, fixed scheduling is selected as a means
of a DSM strategy for load shifting in this study.
There is much research on load shifting of heat pumps coupled with TES using
predefined schedules. Kelly et al. [4] used a detailed simulation model in ESP-
r software to carry out a system of an AWHP integrated with a buffering TES
tank. The times to move the heat pump to off-peak periods followed a UK avail-
able time-of-use tariff. They found that 1 m3 of hot water buffering or 0.5 m3
of phase change material-enhanced hot water buffering was enough to shift the
heat pump’s operation fully to off-peak hours, without negatively influencing
the provision of space heating and DHW for the final customers. Arteconi et al.
[50] investigated a load shifting strategy for heat pumps coupled with buffering
TES operating with radiators or underfloor heating distribution systems. The
heat pumps were forced to switch off during peak hours defined by a time-of-
use tariff in the UK to level off the grid power demand curve. However, these
studies just focused on the system designs (e.g. optimal tank sizes, different
system configurations) for the schedule load shifting strategies, whereas they
did not truly conduct the optimal system operation efficiency to further obtain
the control goals (e.g. minimised running costs, maximised thermal comfort).
While the efficiency of an AWHP can be enhanced if it was shifted to hours
where ambient temperatures were highest, this effect was not considered.
Whilst many studies investigated the enhancement of overall system efficiency
of schedule load shifting heat pumps coupled with TES to acquire optimal con-
trol goals, most of them focused on one aspect of heating (either space heating
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or hot water heating). For example, Guo et al. [51] experimentally conducted
an optimised operation strategy of a heat pump water heating system to min-
imise the operating costs. The optimal start-up time was between 12.00 h and
14.00 h where the ambient temperatures were high, and the electricity prices
were low. Ibrahim et al. [52] examined the optimised system efficiency of a
heat pump water heating system for Lebanon, with the operation of the heat
pump was constrained to the low electricity rates and high ambient tempera-
tures to minimise the running costs. Coninck et al. [53] conducted the system
of a heat pump coupled with TES for space heating. The operation of the heat
pump was moved to daytime to improve the overall efficiency to reduce energy
consumption while still avoiding the high-demand hours of the grid.
1.3 Motivations of This Research
Based on the systematic literature review above, it evidences that there are some
research gaps needing to further investigate:
• While much research developed the models of CAWHPs validated against
laboratory and in-situ data, most of the modelling work was carried out
for equipment performance rather than integrated performance with build-
ings.
• There is no study conducting the full-scale retrofit performance of CAWHPs
using experimentally validated dynamic building simulation models, es-
pecially quantifying operating costs and carbon emissions savings when
compared with the performance of fossil-fuelled boilers in the UK.
• Few studies investigated the integrated performance with buildings of the
coupling system of CAWHPs and TES.
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• There is lack of information about how and when heat pumps and TES
should operate interactively in shifting and meeting both space and hot
water heating demands, with improved system operation efficiency to ob-
tain better control goals. Furthermore, most of the final goals of the cited
publications about schedule load shifting were minimised running costs
or reduced energy consumption rather than other goals, such as increased
renewable energy use.
• No work on CAWHPs coupled with TES applied schedule load shifting
for both space and hot water heating at the domestic level to obtain both
enhanced system energy efficiency and increased renewable energy utili-
sation.
1.4 Objectives of This Research
The objectives of this research are as follows:
• A CAWHP model integrated with a dynamic building simulation model,
validated against experimental results, was developed. This objective
could contribute to the lack of literature about integrated performance
with buildings of experimentally validated CAWHP models.
• Since there is no study on assessment of retrofit ability of CAWHPs by
means of experimentally validated models, this research gap was addressed
in this thesis. In particular, the techno-economic performance of CAWHP
systems (without TES) when retrofitted into UK residential buildings, es-
pecially endeavoring to quantify carbon and energy savings compared
with oil and gas fired boilers, was investigated.
• The system performance of retrofit CAWHPs coupled with TES in differ-
ent configurations in a residential dwelling was evaluated. This objective
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aimed to address the lack of information about this such system opera-
tions in the literature.
• There is no work on schedule load shiftings for CAWHPs coupled with
TES to satisfy both space heating and hot water demands with lower op-
erating costs and higher renewable energy use. Therefore, in this research,
different schedule operation strategies for a CAWHP with TES were de-
signed to shift both space heating and hot water demands from peak to
off-peak periods, with increased system energy efficiency to obtain min-
imised running costs and reduced wind energy curtailment.
1.5 Overview of This Thesis
The rest of this thesis is summarised as follows:
• Chapter 2 presents the experimental set-up of a CAWHP coupled with a
TES tank providing heat to the house to satisfy both space heating and hot
water demands. Details of the selected CAWHP and the custom design
TES tank are also presented clearly, along with a test house which was a
hard-to-heat mid-terraced building. The CAWHP was first tested under
laboratory conditions. Then, the field trials of the coupling system of the
CAWHP and the TES tank were carried out in different scenarios, includ-
ing direct mode, storage mode, and combined mode. Finally, the data
collected from the measurements were checked to make sure they were
reliable to be used for modelling and calibration/validation purposes.
• Chapter 3 deals with the model development and calibration/validation.
TRNSYS 17 software was utilised to model and simulate the selected CAWHP
and the TES tank in line with the hard-to-heat mid-terraced dwelling.
The predicted performance of the CAWHP was calibrated and validated
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against the collected data from laboratory and field trial tests. The perfor-
mance of the TES in TRNSYS model was calibrated and validated for three
operation modes: standby mode, charging mode and discharging mode.
The predicted building heat demands were also calibrated and compared
with the measured building heat demands.
• Chapter 4 describes the techno-economic performance of the CAWHP
system (without TES) when retrofitted into UK residential buildings, es-
pecially endeavouring to quantify carbon and energy savings compared
with oil and gas fired boilers. The retrofit CAWHP system was conducted
with different property types and ages, various locations across the UK,
and varied control strategies (fixed flow water temperature and weather
compensation).
• Chapter 5 explains how the CAWHP coupled with the TES tank per-
formed in different system configurations in a residential dwelling. In
particular, three operation modes, including direct heating, buffering sys-
tem, and combined mode, were carried out to compare their energy per-
formance along with running costs.
• Chapter 6 presents a load shifting study for the domestic CAWHP inte-
grated with the TES. Different fixed scheduling strategies based on a time-
of-use tariff were designed to shift the operation of the cascade heat pump
to off-peak periods. The main objective of this investigation was to find
the best schedule to operate the cascade heat pumps efficiently with min-
imised running costs and reduced wind energy curtailment, while shift-
ing wholly the electrical heating loads to off-peak periods. What the siz-
ing and temperature set points of the TES tank were best suitable to per-
form the designed load shifting strategies was also investigated. Finally,
a retrofit assessment was carried out to evaluate how the designed load
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shifting strategy could help the CAWHP save operating costs and carbon
emissions when compared with the performance of gas and oil boilers.
• Chapter 7 summarises the main findings of this research and suggests




A CAWHP integrated with a TES tank was used to deliver heat to a hard-to-heat
mid-terraced building at the Jordanstown Campus, Ulster University. In this
chapter, the set-up of laboratory and field trial measurements along with the
details of data consistencies are presented. In particular, the laboratory set-up
for measuring the selected CAWHP in line with three series of the field trials for
the whole couple system, carried out by Shah et al. [46], are primarily described.
Then, the data consistencies of the measured cascade heat pump, the building
heat demand, and the TES tank are investigated. Hence, the rest of this chapter
is organised as follows:
• Section 2.2 describes in detail the experimental set-up which includes the
laboratory and field trial experiments.
• Section 2.3 analyses the measurement errors.
• Section 2.4 summarises the chapter.
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2.2 Experimental Set-up
2.2.1 Laboratory experiment
The selected CAWHP was previously tested in the laboratory, with the outdoor
unit mounted inside a climatic chamber (Figure 2.1). Within the chamber, the
air temperatures and humidity were maintained at specific levels, while the
indoor unit was located outside the chamber. The indoor unit was connected
with a dedicated water circuit, including a heat exchanger, a storage tank, a
three-way valve, an actuator and a PID controller, to keep the inlet and outlet
water temperature of the cascade heat pump constant during the tests.
FIGURE 2.1: Climatic chamber utilised for testing the CAWHP in the lab.
The cascade heat pump was tested following the conditions suggested by the
European Standard EN14511 – Part 3 [54]. The testing conditions are reported
in Table 2.1. The inlet and outlet water temperatures, water flow rates, and
electric consumption of the cascade heat pump were measured using the in-
struments mentioned in Table 2.2. It is worth noting that the electric utilisation
of the cascade heat pump outdoor and indoor units was measured directly by
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two energy meters, which accounted for the total consumption of the two com-
pressors, controllers, valves, fans, and a circulating pump inside the indoor
unit.
TABLE 2.1: Testing conditions of the CAWHP in the lab.
Ta (°C) Tw,out (°C) Tw,in (°C) RH (%) ṁ (l/s)
2 55 45 76 0.34
7 55 45 76 0.33
12 55 45 76 0.36
2 65 55 76 0.32
7 65 55 76 0.37
12 65 55 76 0.37
2 75 65 76 0.36
7 75 65 76 0.39
12 75 65 76 0.42
TABLE 2.2: Used sensors and uncertainty ranges.
Instrument Type and model Uncertainties
Fluid temperature Inline and Surface PT 100, Eltek GD24 ± 0.3°C
Flow meter Electromagnetic, Eltek GC 62 ± 1.5%
Electric consumption meter Landis and Gr P350 ± 1.5%
2.2.2 Field trial experiment
Two mid-terraced “hard-to-heat” dwellings designed under 1900s specifica-
tions were built at Jordanstown campus of University of Ulster to carry out
UK retrofit technologies, as shown in Figure 2.2. The house to the left in Figure
2.2 is named House 64, and the one to the right is called House 63. The adjacent
spaces of each house, named control rooms, were for equipment setting and
climate control. These control rooms were maintained at 21 °C by separate air
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conditioners. This research concentrated on House 64 that has been occupied
by three inhabitants, including one teenager boy and two adults.
FIGURE 2.2: Two mid-terraced hard-to-heat dwellings (the house to the left is
called House 64, and the one to the right is named House 63).
House 64, focused on this study, was retrofitted with a variable capacity CAWHP
coupled with a TES tank to provide space heating and domestic hot water
(DHW), with the schematic being depicted in Figure 2.3. Before the variable
capacity CAWHP was retrofitted, the dwelling was equipped with a gas boiler
providing heat directly to the building for DHW and space heating via conven-
tional wet radiators through insulated pipes under the flooring. The nominal
flow of the heating system was 75 °C. In this work, the heat distribution system
was remained, whereas the boiler was replaced by the CAWHP.
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FIGURE 2.3: Schematic of the retrofit CAWHP system investigated in this re-
search.
The investigated building (House 64) had two floors, including ground floor
and first floor. Living room, dining room, storing room, and kitchen were
placed at the ground floor, whilst the first floor was the areas of three bedrooms
and a bathroom. Both floors had an area of 55 m2 in accordance with the height
of 2.7 m. As the storing room did not need heating, the heated volume of the
ground floor was calculated to be 120 m3, whilst 150 m3 was accounted for the
heated volume of the first floor. The capacity of the DHW tank was 162 litres
with the inner heat exchanger coil area of 0.88 mm2. The heat storage capacity
of the DHW was 3.78 kWh (45 °C/65 °C) with maximum standing heat loss of
2.74 kWh/24 hrs.
The selected CAWHP had two separate compressors using different refrigerant
fluids, including R-410A for the outdoor unit and R-134a for the indoor unit.
The outdoor unit extracted heat from the ambient and transferred to the indoor
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unit by means of the intermediate heat exchangers. Thanks to this technol-
ogy, the indoor unit can lift the outlet water temperature up to 80 °C without
an additional heater, making it suitable for directly replacing existing boilers
without the need for modifying the distribution system. According to the man-
ufacturer’s published data, the cascade heat pump had a nominal COP of 2.5
with the nominal heating capacity of 11 kW at 7 °C (44.6 °F) DB / 6 °C (42.8 °F)
WB of the outdoor unit and 80 °C (176 °F) outlet water temperature of the in-
door unit [55]. The selected CAWHP was a variable capacity unit, meaning that
its thermal output can be modulated depending on the required thermal load.
Additionally, a pump circulating hot water from the condenser heat exchanger
to the house was installed inside the indoor unit, which was designed by the
manufacturer.
The TES tank was a custom made sensible vertical cylinder, as illustrated in
Figure 2.4. The storage was made by copper material with 600-liter capacity,
2m height and 0.6m diameter. The tank was insulated with 75mm thick foam.
The charging heat exchanger coil connecting to the heat pump was placed at
the bottom part, whereas the discharging coil supplying heat to the house was
at the upper part of the tank. There were seven temperature thermocouples lo-
cated at an equal distance (0.33 m) for control and monitoring purposes. In this
research, stratification effects occurring naturally within the sensible TES were
eliminated by using a de-stat pump installed on the storage to mix thermally
fully inside the tank.
The external walls of the house comprised of 215 mm fair faced clay bricks and
15 mm inner plaster insulation, in which the total U value was 1.64 W/m2K.
The garret ceiling consisted of 19 mm ply flooring and 150 mm quilt insulation
and 15 mm plaster board, and the pitched roof was constructed of resin slate
tiles lying on timber battens with the support of DuPont Tyvek vapor barriers,
all of which resulted in U value of 1.42 W/m2K. The floors (U value of 0.67
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(A) In the shed (B) Its schematic
FIGURE 2.4: The measured TES tank.
W/m2K) comprised of timber covering by carpets, with the vented space be-
low the flooring. Timber double-glazed windows (U value of 4.8 W/m2K) and
doors (U value of 0.422 W/m2K) were assembled on the external walls.
The heating system was controlled by a scheduled programmer combined with
a thermostat placed in the dining room. The occupants were able to choose
the set point for the room temperature and the operation time whenever they
preferred. They could also freely open windows and doors as well as occupy
the house. The collected field trial data were subdivided into three sessions
which are described as follows:
• The first session, named Direct Mode, from 26/11/2014 to 10/02/2015:
The cascade heat pump delivered heat directly to the house. The outlet
water temperature of the CAWHP was set to 75 °C that was the same as
the outlet water temperature of the replaced boiler. This session is shown
in Figure 2.5a.
• The second session, named Indirect Mode, from 21/02/2015 to 28/03/2015:
The CAWHP provided heat to the TES tank, and that heat was then trans-
ferred to the house. The cascade heat pump was switched on to reheat the
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tank if the average tank temperature was below 65 °C, and it was off when
the tank reached 70°C. This session can be known as a buffering system,
as illustrated in Figure 2.5b.
• The third session, named Combined Mode, from 16/04/2015 to 07/06/2015:
The cascade heat pump was switched on at 1.00am (at night) to store en-
ergy in the storage, bringing the water tank temperature to 75 °C. When
the house required the first heating demand of the day, the stored energy
was delivered to the house until its temperature dropped to 55 °C. Af-
ter that, the heat pump took over to provide heat to the house in rest of
the day. This operation can be assigned as demand-side management in
which the heat pump was shifted to off-peak hours (at night) with cheap
electricity prices (Economy 7 tariff 1) to store the energy which was later
used in the peak demand of the day (in the early morning). This session
can be assigned as the shifted load operation, as depicted in Figure 2.5c.
1The electricity tariff in which the night rates are cheaper than the date rates.
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FIGURE 2.5: Operations between the cascade heat pump and the storage and
the house investigated in the field trials.
The monitoring campaigns focused on the characterization of the performance
of the CAWHP coupled with the TES tank in the mid-terraced hard-to-heat
dwelling. As a result, the following parameters were measured:
• Heat output of the cascade heat pump, heat input/output of the storage
tank and heat input to the house were calculated using water flow rates,
water inlet and outlet temperatures recorded from the sensors illustrated
in Figure 2.3.
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• Electricity consumption of the cascade heat pump outdoor and indoor
units was measured directly by two energy meters. It is worth noting that
the measured electricity accounted for the total consumption of the two
compressors, controllers, valves, fans and a circulating pump inside the
indoor unit.
• Temperatures at the thermocouples placed on the TES were recorded. The
locations of the thermocouples are depicted in Figure 2.4.
A wireless radio data logger and 15 transmitters with built-in sensors (Table
2.2) were employed to monitor the system. Data was logged in 1-minute inter-
vals by means of a desktop computer-based data acquisition. Uncertainties of
the sensors used in the measurements are reported in Table 2.2. With the igno-
rance of the data acquisition system’s error, uncertainty analysis of the field trial
measurements on the basis of sensors’ errors was carried out using the method
suggested by Holman [56]. Therefore, the relative uncertainties of COP and
heat outputs were found ± 5.59% and ± 5.17%, respectively.
2.3 Analysis of Data Consistency
As the field trials were carried out for the different periods, the consistencies of
the monitored data were checked to assess their reliability before being used for
modelling and validation that are explained in the next chapter. The following
subsections discuss in detail the data analysis of the measured cascade heat
pump, the building thermal input/building heat demand, and the TES tank.
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2.3.1 Data elaboration
Based on the measured parameters related to the heat pump, the storage, and
the house, as illustrated in Figure 2.3, it is possible to acquire thermal energy
output power of the heat pump (Qq,hp), the storage (Qq,store), and the house
(Qq,house) along with the heating coefficient of performance (COP) of the whole
heat pump unit, as expressed as follows:
Qq,hp = ρ×Cp × ṁhp × (Tout,hp − Tin,hp) (2.1)
Qq,store = ρ×Cp × ṁstore × (Tout,store − Tin,store) (2.2)





Where Tout,hp, Tin,hp, Tout,store, Tin,store, Tin,house, and Tout,house are respectively wa-
ter temperature sensors T1, T2, T3, T4, T5, and T6, as illustrated in Figure 2.3.
ṁhp, ṁstore, and ṁhouse are respectively flow rate sensors F1, F2, and F3, as
shown in Figure 2.3. It is noted that electric consumption of the heat pump
was measured including the consumption of both compressors and auxiliaries
of the whole unit, so COP in Equation 2.4 accounts for efficiency of the whole
heat pump unit.
Chapter 2. Experiment 33
2.3.2 Data consistency of the cascade air-to-water heat pump
Heat capacity and electric consumption of the CAWHP were screened to check
their measurement consistency before being used for developing and validating
the heat pump model. An EQ (Electric-Thermal output) graph showing the re-
lationship between daily heat output and daily electric consumption is plotted
in Figure 2.6 in order to check the measurement errors, as proposed in the work
of the Energy Saving Trust’s heat pump field trials [20]. It can be seen that the
relationship trends in each monitoring period are likely to form the regression
lines that can be used as the references for observation of the abnormal points.
Two outliers lying on y-axis can be explained by missing the heat output data,
while four points close to the x-axis and far from the respective references are
caused by missing data or sensor errors of the electric consumption. The rest
of the visualised data is consistent so that they can be used for modelling and
simulation.
FIGURE 2.6: Daily electric utilisation versus daily thermal output of the cas-
cade heat pump during three monitoring sessions.
Chapter 2. Experiment 34
2.3.3 Data consistency of the building heat demand
In order to check the data consistency of the building heat demand, the graph
showing daily thermal output to the house (including space heating and DHW)
versus daily mean air temperatures is illustrated in Figure 2.7. Three sparks,
that are much higher than the density points respective to the y-axis, and two
negative daily thermal output points can be explained by the sensors’ errors.
These abnormal data can be seen clearly in Figure 2.8. Also, in Figure 2.7, there
are three points lying on the x-axis, which can be explained by the sensors’
errors or the house occupants shutting of the heating system in those days. The
rest of the data seems to form a regression line so that they can be used as a
reference for the house heat demand (Figure 2.7).
FIGURE 2.7: Collected data of daily building heat demand/building thermal
input versus external air temperatures in three periods.
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FIGURE 2.8: Collected data of daily building heat demand/building thermal
input and ambient temperatures over three periods.
2.3.4 Data consistency of the thermal energy storage
To analyse data consistency of the measured TES tank, the temperatures at
seven thermocouples along the vertical direction of the tank during the indirect
mode and the combined mode are visualised, as shown respectively in Figures
2.9 and 2.10.
With regards to the indirect mode (the 2nd monitoring campaign), the major-
ity of the data of the temperatures at seven thermocouples seem to be reliable
(Figure 2.9), except the thermocouple 6 on 6th March 2015.
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FIGURE 2.9: Temperatures at seven thermocouples along the TES tank in the
indirect mode (the 2nd monitoring session).
Considering the combined mode (3rd monitoring campaign ), looking at Fig-
ure 2.10, there are some errors or missing data in the periods from 16th April
to 11st May 2015 and from 19th May to 22sd May 2015. In order to figure out
these errors, Figure 2.11 shows the scatter matrix of the temperatures at seven
thermocouples (seven nodes). It can be seen from the graph that there are some
errors of the thermocouple 4 and thermocouple 7 (node 4 and node 7 in Figure
2.11). The data of the thermocouple 2, thermocouple 3, and thermocouple 5
seem to be reliable, while there are some errors of the thermocouple 6 occurring
on 19th April 2015 (Figure 2.10).
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FIGURE 2.10: Temperatures at seven thermocouples (seven nodes) along the
TES in the combined mode (the 3rd monitoring session).
FIGURE 2.11: Scatter matrix of temperatures at seven thermocouples (seven
nodes) during the combined mode (the 3rd monitoring campaign).
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2.4 Summary
In this chapter, the laboratory and the field trial measurements are described.
In particular, how the laboratory and the field trials were set up along with
how the data were measured are presented. Furthermore, the measurement
consistencies of the CAWHP, the building heat demand and the TES tank are
analysed to check their reliability before those data could be used for modelling




This chapter presents the developed models and calibration/validation of the
variable capacity CAWHP, the TES tank, the mid-terraced hard-to-heat dwelling,
and a whole couple building simulation in TRNSYS environment. In particular,
the inverter CAWHP was modelled using performance map approach. Then,
it was calibrated and validated in two steps including component itself and
integration with the whole building model. The calibration and validation of
the heat pump model were carried out using the measured data acquired from
both laboratory and field trial tests. The other models of the thermal store,
the building, and its whole couple simulation model were also developed, cali-
brated/validated accordingly to the field data, using either component itself or
integration with the whole building model. The rest of this chapter explains in
detail these processes and is organised as follows:
• Section 3.2: The reason why TRNSYS environment was used to model and
simulate the investigated system in this study is explained.
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• Section 3.3: TRNSYS modelling is demonstrated, including the developed
models of the variable speed compressor CAWHP, the TES tank, the hard-
to-heat building, the DHW tank, and the whole couple building simula-
tion.
• Section 3.4: Calibration and validation of the developed models are dis-
cussed.
• Section 3.5: Summary of this chapter is drawn.
3.2 Selection of Modelling Tools
TRNSYS simulation software version 17 [57] was utilised as a principal tool
to model and simulate the investigated system of this research. TRNSYS, ad-
vanced by University of Wisconsin, is a transient system simulation tool in
which individual components called “types” are linked to each other to model
the energy performances of the HVAC systems and the buildings of which their
behaviors are highly complicated. In addition, this tool can enable the links be-
tween itself and other simulation environments, such as Google SketchUp [58],
GenOpt [59], Engineering Equation Solver (EES) [60], MATLAB and SIMULINK
[61], etc. One of the examples of these useful links is the connection between
TRNSYS and GenOpt environment that can help to solve optimisation prob-
lems, such as building calibration, system parameter optimisations, etc., at the
same time steps. Another example is that TRNSYS can plug in with Google
SketchUp to create building geometry and thermal characteristics of building
envelops from scratch. Due to its strengths and advantages, TRNSYS has been
widely known and used for numerous studies, and this tool was also chosen
for modelling and simulation purposes of this research.
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3.3 Modelling
3.3.1 Cascade air-to-water heat pump model
To model the inverter CAWHP, TRNSYS Type 1217 (non-standard TESS library
component [62]) was used to predict the performance of the selected cascade
heat pump. This model can be categorised as a “black box” relying on a perfor-
mance map requiring the information acquired from field observations or man-
ufacturer/laboratory data based on the users’ need. This kind of heat pump
model needs less information compared to physical models requiring a high
level of system parameters which are often unapproachable due to commercial
constraint or are uncertain [63]. Complexity also increases if modelling cascade
units that employ two separate compressors. For example, Stefano et al. [64]
modelled a cascade air source heat pump system in TRNSYS by means of con-
necting two single-stage heat pumps via a heat exchanger. The single-state heat
pump was a semi-physical model developed by Heinz and Haller [65] consid-
ering thermal dynamic refrigerant cycle and thermal refrigerant properties of
the heat pump. This cascade model thus required details of each compressor
unit. However, it is impossible in the author’s case to obtain that information
because of commercial sensitivity and measurement costs. Furthermore, model
errors can increase as more parameters involve in the model, making it more
difficult for calibration and validation. This research aims to assess seasonal
performances of the cascade heat pump rather than evaluating the component
design level. Therefore, it is suitable in the author’s circumstance to use Type
1217 which relies on a characterised performance map to model the selected
CAWHP.
Regarding Type 1217, parameters stated in the performance map were heat ca-
pacity and electric input power as functions of ambient temperatures, desired
outlet water temperatures, and more importantly, part load ratios at which the
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heat pump operated to maintain the user-specified outlet water temperatures
regardless of alterations in inlet water temperatures or external air conditions.
Once the performance map was known, a series of calculations were performed.
First, after heating control signal input to the heat pump model was on, the heat
required to bring the inlet water temperature up to the user-defined outlet wa-
ter temperature at the condenser side was calculated using Equation 3.1.
Qrequire = Cp × ṁ× (Tw,setpoint − Tw,in) (3.1)
Then, the model determined the actual energy delivered to water by means of
comparing the calculated required heat and the present heating capacity which
was returned by the data interpolation routine, as expressed in Equation 3.2.
Qload =Minimum(Qinterpolation,Qrequire) (3.2)
After that, outlet water temperature was calculated using the following Equa-
tion 3.3.









The performance map, containing full load and part load curves, is the heart
of the heat pump model Type 1217, and thus obtaining performance curves is
a considerate task. The performance data provided by the manufacturer and
the laboratory results contained nominal values obtained from standard tests,
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which were different with the data from field operations in the manner that the
operation ranges were limited. Also, no data about the part load operation was
available from the manufacturer. Therefore, the data collected from the field
trial monitoring were used for performance map creation. This characterised
performance map can allow the model to be performed like the real operation;
however, note that the model accounted for steady states only.
To build the performance map and the defrost model, the recorded raw data
regarding the cascade heat pump from three monitoring sessions, mentioned
in Chapter 2, were processed using R (programming language) software [66]
along with the suggested procedure of Underwood et al. [63] as follows:
• The time-series data in each monitoring session were gathered into one
file and null value rows, indicating when the heat pump was switched
off, were discarded from the file.
• The processed data was then divided into two separate files. The first
data file was used for creating the performance map of the heat pump
model, with all data rows describing defrost cycles being removed (de-
frost events were observed by abnormal low and negative thermal output
during steady state periods at low outdoor air temperatures and high rel-
ative humidity). These defrost data were retained in the second file to
investigate the defrost model.
The following subsections discuss in detail how the performance map (includ-
ing full load and part load curves) and the defrost model were created based on
the two data files.
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3.3.1.1 Full load curves
To build the full load curves of the variable capacity CAWHP model, the mon-
itoring results of the first data file regarding thermal output and electric input
power as the functions of external air temperatures were analysed. Figure 3.1
shows the monitoring data of the cascade heat pump producing outlet water
temperature of 75 ± 1 °C, which is the set temperature carried out in the field
trials. It is worth noting that the electric input power of the compressors, fans,
controllers and a circulating pump was totally accounted for in the performance
curves due to the field measurement set-up explained in Chapter 2. The data
points are coded with color gradient referring to DeltaT that is the difference
between outlet and inlet water temperatures at the heat sink. It can also be seen
in the figures that the higher DeltaT, the higher thermal output and electric in-
put power, all of which represent the higher load operation of the cascade heat
pump.
FIGURE 3.1: Measured data of heat and electric power versus ambient tem-
peratures with water flow temperature of 75 ± 1 °C (DeltaT is the difference
between outlet and inlet water temperatures at the condenser side of the cas-
cade heat pump).
Since there were not enough data for sampling with the smaller intervals of
DeltaT (e.g. 13 - 14 °C, or 14 - 15 °C), all data points with DeltaT above 12 °C
were screened to analyse the full load curves, as illustrated in Figure 3.2. The
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trends of median values of the box plots in both graphs (Figures 3.2a and 3.2b)
are likely to form regression lines. Consequently, after removing the outliers ob-
served in the whisky box plots (these random spikes related to transient states
when the heat pump was switched on or off), the regression lines of the median
values were then assumed as the full load curves of the heat pump model for
the outlet water temperature of 75 °C.
FIGURE 3.2: Measured data of electric power and COP versus ambient tem-
peratures with DeltaT above 12 °C and water flow temperature of 75 ± 1 °C.
Investigating the same approach for the rest data with other outlet water tem-
peratures, a characterized performance map for full load operation was ob-
tained for the heat pump model. The empirical correlations of the obtained full
load curves are defined in the following Equation 3.5 and Equation 3.6 where
the heat capacity (Qfull) and compressor electric power (Wfull) at full load op-
eration are the functions of external air temperatures (Ta) and desired outlet
water temperatures (Tw,out). These equations were received from polynomial
regression.
Qfull = −451 + 21× Tw,out − 1.14× Ta − 0.03× T 2w,out − 0.009× T 2a
+ 0.001× T 3w,out + 0.03× Tw,out × Ta − 0.0002× T 2w,out × Ta
(3.5)
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Wfull = −1.01 + 0.7× Tw,out + 0.24× Ta − 0.01× T 2w,out
+ 0.000051× T 3w,out − 0.0105× Tw,out × Ta + 0.000075× T 2w,out × Ta
(3.6)
3.3.1.2 Part load curves
The retrofit CAWHP can ramp up or down its thermal output to maintain the
desired water outlet temperatures. As part load operation highly influences the
heat pump efficiency, the model needs to take this effect into consideration.
Figure 3.3 illustrates the measured part load data of the heat pump to maintain
the outlet water temperature of 75 °C at different external air temperatures, with
part load ratio (PLR), electric input ratio (EIR) and part load factor (PLF) being
expressed in the following Equations 3.7, 3.8, and 3.9, respectively. The data
shown in the figures are grouped with external air temperature intervals of 1
°C ranging from 7 °C to 13 °C. The data outside of this range are not plotted to
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(A)
(B)
FIGURE 3.3: Part load curves of the heat pump to maintain outlet water tem-
perature of 75 °C with different external air temperatures acquired from the
field trial results: (a) PLF versus PLR with different air temperature ranges; (b)
EIR versus PLR with different air temperature ranges.
In Figure 3.3, the regression curves are not much different, while the air tem-
peratures vary. Therefore, the curves respective to the external air temperature
of 8 - 9 °C were assumed as the identical part load operation of the heat pump
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model, as shown in Figure 3.4. It is worth noting that the part load curves
found in this study are similar to the results of Bettanini et al. [67] and Fis-
cher et al. [68]. However, the highest efficiency of the CAWHP in this study
can be achieved if operating at about 85% of the maximum heat load, which
differs from the studies of those authors in which the highest efficiency of the
heat pumps can be acquired when operating from 40% to 60% of the full load
capacity. This discrepancy may be due to the different types of the heat pumps
used. In other words, the heat pump carried out in this research is cascade unit,
while the heat pumps conducted in those studies are single-stage ones.
FIGURE 3.4: Part load curves of the cascade heat pump at the ambient temper-
ature of 8 - 9 °C.
3.3.1.3 Normalised performance map
To let the TRNSYS Type 1217 heat pump model understand the declared per-
formance map, the full load and part load curves mentioned above were nor-
malised, as required by the TRNSYS developer. The normalised values were
calculated using the following Equations 3.10 and 3.11. The heat capacity and
electric input power values at the external air temperature of 7 °C in accordance
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with the outlet water temperature of 75 °C were chosen as reference values, be-
ing 14.95 kW and 6.48 kW, respectively. These values were set up in the initial










The initial heat pump model was carried out utilising the collected performance
data that excluded periods of defrost operation (the first data file). Therefore,
a model accounted for defrost operation was developed and integrated outside
the heat pump model.
Literally, when frost is formed on the surface of the evaporator heat exchanger,
the heat pump’s performance is reduced, and the compressor may be damaged
because frost accumulation on the evaporator coil acts as a thermal insulator in
addition to reducing air flow passage [31]. To address this problem, air source
heat pumps need to activate defrost cycles periodically to melt the ice on the
outdoor coils. Reverse cycle, reversing refrigerant fluid, is a popular defrost
method, and it was also adopted in the selected CAWHP in this research.
Modelling defrost operation regarding reverse cycle is commonly challenging
[69]. Particularly, how often an air source heat pump activates defrost and how
long a defrost cycle lasts are often difficult to predict. This is because the rate
of frost growth on the evaporator coils are affected by three main factors which
cannot be determined sufficiently: (1) outdoor air conditions; (2) characteristics
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of air source heat pumps (e.g. outdoor heat exchanger geometry [70], outdoor
fan speed [71]); and (3) operating conditions (e.g. thermal load).
Consequently, the proposed defrost model in this research was simplified us-
ing empirical correlations obtained from the monitoring results. The recorded
data showed that if the external air temperature was below 7 °C and relative
humidity was above 65% for a long period, the heat pump terminated heating
to activate defrost operation, which is similar to other works of Underwood et
al. [63] and Madonna and Bazzocchi [31]. The time between defrost cycles or
frosting time (minutes) was determined based on the external air temperature
and relative humidity, as expressed in the following Equation 3.12.
4 tdef = afr + bfr×Ta+ cfr×RH + dfr×T 2a + ffr×RH2+ gfr×T 3a +hfr×RH3
(3.12)
in which4tdef is the time between defrost cycles or frosting time (min). Ta and
RH are ambient air temperature (°C) and relative humidity (%), respectively.
afr, bfr, cfr, dfr, ffr, gfr, hfr are empirical coefficients determined from polyno-
mial regression surface. The values and units of these coefficients are reported
in Table 3.1.
TABLE 3.1: Empirical coefficients of frosting function.
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Duration of a defrost cycle was calculated using Equation 3.13. The typical
period of a defrost cycle was from one minute to ten minutes according to the
monitoring results.
tdef = adef + bdef ×Ta+ cdef ×4tdef +ddef ×T 2a +fdef ×4t2def +gdef ×T 3a +hdef ×4t3def
(3.13)
where tdef is the period of a defrost cycle (min). 4tdef is frosting time (min), and
Ta is external air temperature (°C). adef , bdef , cdef , ddef , fdef , gdef , hdef are empir-
ical coefficients obtained from polynomial regression surface. These values are
presented in Table 3.2.
TABLE 3.2: Empirical coefficients of defrost function.








The proposed cooling energy of a defrost cycle (Ec,def ) (Equation 3.14), which
is the energy extracted from indoor to outdoor unit to melt the ice accumula-
tion on the evaporator surface, and the proposed electric consumption (Ee,def )










where average cooling capacity during defrost cycles (Qdef,mean) was obtained
from the monitoring results, equalling 1.92 kW. Mean electric input power dur-
ing defrost cycles (Wdef,mean) was found 0.97 kW from the collected data. These
average values were set up in the initial defrost model and calibrated later (ex-
plained in below Section 3.4.1).
FIGURE 3.5: Flow chart of the defrost model in TRNSYS.
Figure 3.5 shows the flow diagram of the proposed simple defrost model imple-
mented in TRNSYS. The dynamic defrost cycle model was managed by using a
Chapter 3. Modelling and Validation 53
simple frosting time (4tdef ) and defrosting time (tdef ) on a modified timer trig-
ger developed by Olivier et al. [72]. Particularly, when the heating signal of the
heat pump was on and frost conditions were met, the timer waited for a certain
period (frosting time4tdef ) before activating the defrost signal which forces the
heat pump into cooling mode for the specified defrosting time.
3.3.2 Thermal energy storage model
TRNSYS Type 534 (TESS library [62]) was used to model the TES. The tank
dimensions and characteristics were set up similarly to the field trial TES which
is described in Chapter 2. Particularly, there were seven thermocouples along
the vertical line of the cylinder so that seven level nodes with equal distances
were set up in the tank model. Two coiled tube heat exchangers were identified
with the heat exchanger for charging the tank occupied in three nodes placed
at the tank’s bottom, while the another for discharging was in the other four
nodes.
There was a de-stat pump forcing water convection inside the tank to prevent
stratification effect so that a pump model (Type 3d) was also incorporated into
the storage tank model.
3.3.3 Building model
The building geometry was first drawn in Sketchup software [58], illustrated
in Figure 3.6, based on the layout of the real house (Figure 3.7) and was then
imported into TRNSYS Type 56, with known building dimensions and envelop
characteristics explained in Chapter 2. The infiltration rate of the house was ini-
tially set to one air change per hour following the standard proposed by CIBSE
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[73]. The boundary profiles obtained from the collected data containing adja-
cent room temperatures of the adjacent house (House 63 to the right in Figure
2.2) was assigned as inputs that affected the internal heat gains of the build-
ing model. Since occupancy patterns, lights and other electric appliances were
not monitored, characteristic internal heat gains regarding weekdays and week-
ends for the building model were developed based on surveys and interviews.
FIGURE 3.6: House model drawn in SketchUp software.
(A) (B)
FIGURE 3.7: Layout of the investigated house (House 64 in Figure 2.2): (a)
Ground floor; (b) first floor.
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3.3.4 Domestic hot water model
The DHW tank was modelled using Type 534 [57], containing one immersed
heat exchanger as well as thermal characteristics that were the same as the one
in the field trial. DHW was charged by the heating system if the top tank tem-
perature was below 50 °C, and it was off when the top tank temperature reached
60 °C. Hot water drawing patterns in the model were the same as the ones in
the monitored data, as shown in Figure 3.8, which allows the hot water con-
sumption of the DHW model operate like the practical hot water use.
FIGURE 3.8: Example of one-minute measured profile of hot water drawing
patterns from 26th November 2014 to 7th June 2015.
3.3.5 Whole building simulation model
The cascade heat pump model, the TES model, the building model and the
DHW model above were integrated with other TRNSYS component models
to compose a whole system, as depicted in Figure 3.9. The heat distribution
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system was modelled thoroughly, including radiators (Type 1231), valves (Type
11 and Type 647), piping (Type 31), temperature sensors (Type 911) that were
available in TRNSYS standard [57] and TESS component libraries [62]. Type
15 was utilised to model the weather data, and the irradiation macro model
is illustrated in Figure 3.10. The DHW macro model is shown in Figure 3.11
which contains the storage tank Type 534 and hot water drawing pattern input,
all of which are mentioned section Figure 3.3.4. The defrost control is depicted
in Figure 3.12 in which defrost cycles were modelled using TRNSYS Types as
explained in section 3.3.1.4.
The heating system operated from 7.00am to 11.00pm every day observed from
the monitoring data, and thus the heat pump model was also controlled on/off
during that time. The temperatures within the dining room were maintained
between 19.5 °C and 21.5 °C. The flow temperatures from the heat pump to the
radiators were fixed to 75 °C which are the same as the field trial ones.
FIGURE 3.9: Overview of the whole integrated building model in TRNSYS
Studio.
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FIGURE 3.10: Model of irradiation in TRNSYS Studio
FIGURE 3.11: Model of DHW in TRNSYS Studio
FIGURE 3.12: Model of heat pump defrost cycles in TRNSYS Studio
3.4 Calibration and Validation
After developing the models, calibration and validation were carried out to as-
certain that the developed models were reliable for further extracted simula-
tions. Calibration is the process in which some parameters are changed to min-
imise the errors between the model and the experimental results. Validation
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is another process in which the parameters’ values obtained from calibration
are used to verify the errors between the model and experimental results for
different periods rather than the periods used for calibration.
The following subsections describe in detail the calibration and validation of the
developed heat pump model, the TES model and the whole coupled building
simulation model.
3.4.1 Calibration and validation of the cascade heat pump model
There were two main steps to calibrate and validate the performance map-
based cascade heat pump model Type 1271:
• First, the developed heat pump model was calibrated and validated at
component level. This means that the performance map-based heat pump
model Type 1271 was calibrated and validated itself without coupling
with the whole building simulation model shown in Figure 3.9.
• Second, the heat pump model was then integrated into the whole simula-
tion model (Figure 3.9) to calibrate and validate, named integrated level.
This step aimed at finding the right values of the performance map-based
heat pump model’s parameters, proving that the model was reliable for
running further simulations when it was linked with the whole building
model.
It is noted that the calibration of the heat pump model was the process in which
some parameters were altered automatically using GenOpt software [59] to
minimise the cost function which accounts for the differences of COP and outlet
water temperatures between the model’s results and the measured data, as de-
scribed in detail in the following sections. The validation was the step in which
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the calibrated parameters were kept constant to predict the model’s results for
a different time period, and then the predicted results were compared with the
measured data.
3.4.1.1 Component level
Methods: The scheme of the heat pump model for calibration and valida-
tion at component level in TRNSYS Studio is depicted in Figure 3.13. The data
reader Type 9a [57] containing the experimental results of mass flow rates and
inlet water temperatures were obtained as the inputs for the heat pump model,
which makes the inlet conditions of the heat pump model similar to the inlets
of the measured cascade heat pump. The predicted results of the outlet wa-
ter temperatures and the heat pump COPs were compared with the measured
data. TRNSYS Type 15 was utilised to model the weather data obtained from
the on-site weather station or from the laboratory testing conditions. The sim-
ulations were initiated with one-minute intervals to capture the high accurate
operation of the heat pump model.
FIGURE 3.13: Schematic of the calibrated and validated heat pump model at
component level in TRNSYS Studio.
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The accuracy of the heat pump model was quantified by Coefficient of Variation
of the Root Mean Squared Error, CV(RMSE), which is expressed in Equation
3.16 according to ASHRAE Guideline 1 [74]. For optimisation-based calibra-
tion, the sum of CV(RMSE)s of outlet water temperature and COP was a cost
function (Equation 3.17), used to adjust the selected parameters to minimise the
uncertainties between the model and the experiment through generic optimisa-
tion tool GenOpt [59] that linked with TRNOPT type (TESS libraries) [62]. The
optimisation in GenOpt was done by Hook-Jeeves algorithm which is recom-







where Ymeasure is measured value; Ysim is simulated value; n is number of obser-
vations; Y measure is arithmetic mean measured value regarding n observations.
f = CV (RSME)OWT +CV (RSME)COP (3.17)
where f is cost function; CV (RMSE)OWT is CV(RMSE) of outlet water temper-
ature; CV (RMSE)COP is CV(RMSE) of COP.
In order to verify the model, there were two main steps:
• First, the predicted results were calibrated and validated using the data
collected from the field trial experiments. In particular, the first six days
(8th to 13rd December 2014) were chosen for calibration, and the calibrated
model was then validated in the next six days (14th to 19th December
2014). These periods were chosen as the weather conditions during this
time were suitable to test the heat pump performance in defrosting. The
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measured one-hour data intervals of weather conditions during these pe-
riods, obtained from the on-site station, are shown in Figure 3.14. The
ambient temperatures altered from 0.1 °C to 11.3 °C, and the relative hu-
midity changed between 72.1% and 100%. Although the model parame-
ters were finely tuned based on the curves and information informed by
the recorded data, the initial model results did not acquire the high coin-
cidence with the data collection. It was found at this stage that the defrost
cycles’ parameters were the main cause of this difference. Therefore, such
parameters related to mean cooling capacity and electric input power dur-
ing defrost cycles, mentioned in above Section 3.3.1.4, were chosen for
optimising the cost function f in Equation 3.17.
• Second, as the heat pump model was calibrated and validated based on
the field trial results in which the outdoor air temperatures were not con-
trolled, its reliability should be re-checked. Therefore, the heat pump
model’s predictions were also compared with the data obtained from the
laboratory experiments.
FIGURE 3.14: Real weather conditions of Belfast-Northern Ireland from 8th
December 2014 to 19th December 2014.
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Results of calibration and validation at component level:
Comparison with the field trial results: Figure 3.15 shows the quality of the
calibrated simulation data versus the monitoring results in terms of outlet water
temperatures at the condenser side. The figure indicates a strong correlation
between the calibrated simulation results and the field trial data, with the R2
linear of 0.961. The average cooling capacity and electric input power during
defrost cycles were calibrated to be 2.17 kW and 1.75 kW, respectively.
FIGURE 3.15: Comparison of calibration results of outlet water temperatures
between the heat pump model and the field trial one.
In Figure 3.16, the validated outlet water temperatures highly matched with
those of the recorded data, with the R2 value of 0.955. These results indicate
that the calibrated parameters could provide good results for the outlet water
temperatures of the heat pump model.
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FIGURE 3.16: Comparison of validation results of outlet water temperatures
between the heat pump model and the field trial one.
COPs versus external air temperatures at different outlet water temperatures
were also investigated to assess if the adapted performance map of the heat
pump model was acceptable with the monitored data. In Figures 3.17 and 3.18,
all data points of COP values versus air temperatures at the outlet water tem-
peratures of 55 ± 1 °C and 65 ± 1 °C are illustrated, respectively. It can be
seen that all simulated COPs were likely to coincide with most of the measured
COPs, except some out-of-fit points which could be described by start-up du-
ration of the heat pump. This phenomenon is further explained in the below
paragraph. TRNSYS Type 1271 could not reflect the start-up transients so that
these large discrepancies remained. Looking at Figure 3.19, all COP values of
the model with the outlet water temperature of 80 ± 1 °C highly correlated with
those of the monitored data. In short, it can be said that the results of the per-
formance map-based heat pump model relatively coincided with those of the
monitored heat pump in steady states, whereas there remained large differences
because of start-up transients.
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FIGURE 3.17: Validation results of COPs against ambient temperatures with
outlet water temperature of 55 ± 1 °C.
FIGURE 3.18: Validation results of COPs against ambient temperatures with
outlet water temperature of 65 ± 1 °C.
FIGURE 3.19: Validation results of COPs against ambient temperatures with
outlet water temperature of 80 ± 1 °C.
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The results of CV(RMSE)s of the calibration and validation simulations at com-
ponent level using the field trial data are reported in Table 3.3. It can be seen in
the table that the accuracy of the calibrated and validated models for both out-
let water temperatures and COPs was improved, compared with those of the
initial model. Particularly, CV(RMSE)s of the validated model (4.14% for outlet
water temperature and 11.6% for COP) were slightly higher than those of the
calibrated (3.84% for outlet water temperature and 11% for COP). As a result, it
can be said that the calibrated parameters could be reliable.
TABLE 3.3: Results of calibration and validation at component level.
CV(RMSE) Initial model Calibrated Model Validated Model
Outlet water temperature 6.26% 3.84% 4.14%
COP 17.69% 11% 11.6%
To discuss the discrepancies happening in start-up durations, Figures 3.20, 3.21,
and 3.22 are depicted, all of which show the model and field trial results of the
outlet water temperatures, heat capacity, and electric input power from 02.00 h
to 09.00 h on 10th May 2015, respectively. Both the outlet water temperatures
and heating capacity of the monitored data observed high sudden increases in
start-up transients, whereas the model results did not (Figures 3.20 and 3.21).
This is because in reality, the heat transfer rate from the compressor fluid to the
condenser water in start-up transients is maximum, whilst the condenser water
flow rate is relatively slower in start-up transients than in steady states, all of
which result in the high sudden rise of the outlet water temperatures in respec-
tive to the sudden increase of the heat capacity. In TRNSYS, however, the heat
capacity and electric input power were linearly interpolated based on evapora-
tor air temperatures with proper condenser entering water temperatures con-
tained in the performance map, so there was not any noticeable increase in the
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start-up. Additionally, the field trial heat capacity was much higher in the start-
up transients than in the steady-state (Figure 3.21), whereas its consumed elec-
tric power was not much different in both states (Figure 3.22). This resulted in
much higher COPs in start-up transients than in steady states, which helps to
explain why the big different COPs in Figures 3.17 and 3.18 were observed.
FIGURE 3.20: Outlet water temperatures of simulated and field trial results.
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FIGURE 3.21: Heat capacity of simulated and field trial results.
FIGURE 3.22: Electric input power of simulated and field trial results.
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Comparison with the laboratory data: To re-check the reliability of the heat
pump model calibrated and validated using the field trial results, the heat pump
model’s predictions were also compared with the data obtained from the labo-
ratory experiments. Figure 3.23 shows the comparison results between the heat
pump model and laboratory experiments. The predicted electric power was
within the uncertainty range of ± 1.5% (Figure 3.20a), and the COP computed
from the model was also within the difference of ± 5.59% (Figure 3.20b).
(A) (B)
FIGURE 3.23: Comparison between the heat pump model and laboratory ex-
perimental results: (a) Comparison of electric power utilisation; (b) COP com-
parison.
3.4.1.2 Integrated system level
Methods: After calibrating and validating the heat pump model at compo-
nent level, the model was then integrated into the whole building simulation
model, as depicted in Figure 3.9. The simulations at this stage were also run
with one-minute intervals, and the real weather data of the on-site station were
acquired to run.
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While the heat pump model parameters were already calibrated and validated
at component level, the initial results of the predicted daily COPs at this stage,
integrated system level, were not highly matched with the measured ones. It
was found that the reference values (reference heat capacity and electric input
power in the performance map mentioned in Section 3.3.1.3) were the main
causes of the model’s errors. Therefore, these parameters were calibrated again
at this step through an optimisation of a cost function, expressed in Equation
3.18, which defines the variation between the measured and simulated daily
COPs. GenOpt software in combination with TRNSYS was also obtained to
automatically alter the calibration parameters to attain the minimum value of
the cost function (fdaily,COP ). Hook-Jeeves algorithm was also adopted for opti-
mization process in GenOpt environment.






There were two sets of the recorded data used for calibration and validation at
this stage. On the one hand, the calibration was performed using the collected
data of the first two monitoring sessions, direct mode (26th November 2014 to
10th February 2015) and indirect mode (21st February to 30th March 2015). On
the other hand, the validation was carried out utilising the field trial results of
the third monitoring session, combined mode (16th April to 7th June 2015).
There are some reasons why the calibration was investigated using the first two
monitoring sessions, while the validation was performed based on the results
of the third measuring campaign. In the direct mode, the heat pump delivered
heat directly to the house, and according to the indirect mode, the heat pump
charged storage all the time. This means that the collected data of these cam-
paigns included the period of the heat pump operating as the direct heating
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and the buffering system, all of which reflect the operation of the heat pump in
the combined mode.
Results of calibration and validation at integrated system level: COP and COPsys,
defined respectively in Equations 3.19 and 3.20, were used to summarise the
simulation results of calibration and validation of the heat pump model at inte-
grated system level. Note that COP is of the heat pump only, while COP is of

















ρ×Cp × ṁhouse × (Tw,in,house − Tw,out,house)× dt
Ee
(3.20)
Figure 3.24 illustrates the comparison of daily COPs between the calibrated
model and the monitoring results. It is worth noting that the outliers in the
figure are caused by sensor malfunction mentioned in the previous Section
2.3. The statistical measures of the calibration results are reported in Table 3.4.
RMSE and CV(RMSE) of daily COPs were 0.08 and 4.15%, respectively. Max-
imum deviation accounted for 0.24, and there was 83% of the calibrated daily
COPs within the 5.59% uncertainty of the measured COP (this uncertainty num-
ber is mentioned in previous Section 2.3). In Table 3.5, the predicted COPs of
the direct mode (2.06) and indirect mode (1.67) highly matched with those of
the measurement (2.05 for direct mode and 1.63 for indirect mode). The refer-
ence heat capacity and electric input power were calibrated to be 15.1 kW and
6.9 kW, respectively.
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FIGURE 3.24: Calibration results of daily COPs at integrated system level (the
big outliers in the figure are of the measurement due to sensor errors).
TABLE 3.4: Statistical measures of the results between the heat pump model
and field trial data (the measured values in the days related to sensor fault
were removed from the calculations).
Daily COP Daily COPsys
Calibration Validation Calibration Validation
RMSE [-] 0.08 0.07 0.09 0.12
CV(RMSE) [%] 4.15 3.31 4.88 6.03
Maximum Deviation [-] 0.24 0.2 -0.19 -0.34
Percentage of model results in 83 88 71 70
± 5.59% of measurement uncertainty [%]
TABLE 3.5: Seasonal COP comparison between the model’s predictions and the
field data of three modes (Note that the results in this table are for calibration
and validation purpose only).
COP COPsys Mean Ta (°C)
Model Field trial Model Field trial
Direct Mode 2.06 2.05 2.02 2.03 4.5
Indirect Mode 1.67 1.63 1.51 1.5 5.7
Combined Mode 2.26 2.24 1.97 1.94 9
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The validation results of daily COPs are shown in Figure 3.25. It can be seen in
the figure that the simulated daily COPs highly coincided with the monitored
values, except one outlier of the monitoring due to sensor fault. Maximum daily
COP deviation between the results of simulation and measurement was 0.2, as
reported in Table 3.4. The values of CV(RMSE) and RMSE were 3.31% and 0.07,
respectively. 88% of the model’s predictions were within the permitted range of
the daily COP measurement. In Table 3.5, the model predicted a seasonal COP
of 2.26, equivalent the seasonal measured COP of 2.24.
FIGURE 3.25: Validation results of daily COPs at integrated system level (the
big outliers in the figure are of the measurement due to sensor errors).
It is also worthwhile to check the correlation of COPsys between the model and
the measurement. The validation of daily COPsys for all modes is depicted in
Figure 3.26. It is noted that the big outliers in the figure are caused by sensor
errors. In Table 3.4, the statistical results of daily COPsys are reported. Sea-
sonal COPsys are presented in Table 3.5, in which the predicted efficiency highly
matched with the measured.
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FIGURE 3.26: Daily system COP comparison between the model and the mea-
surement for three modes (the big outliers in the figure are of the measurement
due to sensor errors).
3.4.2 Calibration of thermal energy storage model
3.4.2.1 Methods
According to the third monitoring session (combined mode), the tank was heated
up to 75 °C by the heat pump during the night time and then was left in standby
mode (three and half hours on the average, named "Stand-by Loss 1" in Figure
3.28). When the first heating demand of the house was called, the tank dis-
charged heat to the house until its temperature dropped to 55 °C. After that,
the storage was in standby mode (the average of 17 hours), named "Stand-by
Loss 2" in Figure 3.28, waiting for the heat pump charging again. Based on this
operation, the experimental data could allow the storage model to be calibrated
as of three modes: (1) charge, (2) discharge and (3) thermal standby losses.
Figure 3.27 depicts the schematic of the calibrated TES model in TRNSYS stu-
dio. There was a pump forcing convection of water inside the tank, according
the field trial set-up. Consequently, a circulating pump Type 3d [57] was also
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implemented into the model to prevent stratification effects. This pump was
run only in the period of charge and discharge so that the stratification process
only happened in standby mode, approximately 18 hours of a day. The inputs
of the storage model were obtained as follows, using TRNSYS Type 62 [57] that
read the recorded data from an excel file:
• Inlets of the charging heat exchanger were connected to the outlets of the
validated heat pump model, including water flow rates and outlet water
temperatures.
• Experimental results of water flow rates and inlet temperatures of the
discharging heat exchanger were obtained as input data for that heat ex-
changer of the model.
FIGURE 3.27: Schematic of calibration of TES at component level in TRNSYS
Studio.
Predicted seven node temperatures as well as outlet water temperatures of
charging and discharging heat exchangers were compared with the recorded
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data. These parameters were chosen for the comparisons because they could
affect the uncertainties of entering water temperatures of the validated heat
pump in charging mode, and the inlet temperatures of radiators in discharging
mode when coupled into the whole building simulation model, as shown in
Figure 3.9.
3.4.2.2 Calibration results
Normal operation for charging and discharging the tank was repeatable every
day, so the model results of one specific day (8th May 2015) were chosen for
the analysis of the model calibration. The tank node temperatures between the
model and the monitoring results on 8th May 2015 are illustrated in Figure 3.28,
with only temperatures at the top and bottom nodes being shown to make the
graph easier to look. Both the charge (1am to 2.10am) and discharge (5.30am
to 6.20am) showed a good agreement between the field trial and the model.
“Standby Loss 1” attained a good correlation, but there were some discrep-
ancies during “Standby Loss 2” (after 6.20am), and stratification was noticed
during this period. It is noted that during the period of "Standby Loss 1", the
stratification of the tank was eliminated by the de-stratification pump on the
storage, while this pump was inactive during the period of "Standby Loss 2"
so that the stratification was observed.The simulated top node temperature in
“Standby Loss 2” gradually overestimated the monitored top temperature with
the maximum of 2.5 °C, whereas the bottom temperatures seemed to coincide
within the uncertainty of 1 °C.
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FIGURE 3.28: Comparison of the top and bottom tank node temperatures be-
tween the calibrated model and experimental results.
The differences during “Standby Loss 2” were highly challenging to address,
although the model parameters were fine-tuning. This is because the tank
nodes in TRNSYS were consistent, while the measuring temperatures at dif-
ferent heights of the tank via thermocouples were not uniform. In other words,
there were inlets/outlets of the heat exchangers and supply water along the
tank which caused natural heat conduction with connected pipes as well as
heat convection within the tank, and therefore temperature at the thermocou-
ples close to those pipes decreased more suddenly than temperatures at the
others. For example, the top tank node temperature of the monitored data in
Figure 3.28 decreased quickly after 4.00pm. Such TRNSYS tank model, in con-
trast, did not consider this effect. Fortunately, these discrepancies were minor,
and it was also mentioned in the work of Banister et al [76].
Comparisons of outlet temperatures of the two heat exchangers are depicted in
Figure 3.29. The results showed very good agreements in both charging and
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discharging mode with the maximum discrepancy of 1 °C and 0.5 °C, respec-
tively.
FIGURE 3.29: Comparison of outlet temperatures of charging and discharging
heat exchangers between the calibrated model and the experimental results.
3.4.3 Calibration of whole building simulation model
3.4.3.1 Methods
The whole building simulation model mentioned in the previous Section 3.3.5
involved a wide range of parameters, such as building characteristics, system
components, occupancy patterns, etc., all of which are complicated to deter-
mine which ones should be selected for calibration. Therefore, the hierarchy
method, that was suggested and used in the works of Raftery et al. [77], Musta-
faraj et al. [78], Royapoor and Roskilly [79] , and Carlon et al. [80], was adopted
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for calibration in this research. This method includes two stages: former cali-
bration stage and latter calibration stage. The first stage involves in gathering
the promptly approachable information about the dwellings, such as building
geometry plans, building materials, HVAC systems, etc. The second step is car-
ried out using surveys and interviews with occupants, and specially, measure-
ment results to alter the simulation parameters to seek their optimum values.
Details of these calibration stages are explained as follows.
Former calibration stage: The former calibration stage in this research was
performed following the steps suggested by Carlon et al. [80]:
• The building thermal properties of the envelops and materials, as well
as the building geometry were supplied by the dwelling manufacturer.
Therefore, these parameters were assumed to be trustworthy and kept
unchanged.
• The parameters of the heat pump model (explained in the above Section
3.4.1) and the TES model (explained in the above Section 3.4.2) were cali-
brated and validated at both component level and integrated system level.
Hence, these parameters were kept constant in these calibration steps.
• The DHW tank was modelled based on the specifications given by the
manufacturer. As a result, the parameters related to the DHW tank were
also assumed to be reliable and kept unchanged.
• The internal heat gains of the dwelling, such as occupant attendance,
lights and electric appliances, were primarily estimated. Particularly, the
electric lights were assumed to be turned on during occupied periods,
with the heat gains given by these actions being of 15 W/m2 [81]. The
computers were assumed to generate heat gains of 230 W/m2 for PC with
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colour monitor [81]. The internal heat gains caused by occupant atten-
dance were estimated for different thermal zones; for example, values for
the standing, light work or working slowly activities were set up for the
kitchen, while figures for the seated at rest were estimated for the bed
rooms, all of which followed the standards of ISO 7730 [82].
Latter calibration stage: Following the former calibration process, the latter
calibration was carried out using surveys and interviews with the homeown-
ers along with the monitoring data to adjust the simulation parameters. The
simulation parameters chosen for this calibration process are demonstrated as
follows:
• As mentioned in the previous Section 3.3.3, the infiltration rate of the
building model was initially set to one air change per hour following
the standard proposed by CIBSE [73]. However, with regards to inter-
views with the homeowners, the windows were opened whenever the
occupants preferred, making it hard to obtain the right parameter values.
As a result, this parameter was included in this calibration process.
• Heat capacitances of the thermal zones were also chosen for the latter cali-
bration. These parameters were of importance as they reflected the indoor
air volume and the furniture, all of which are often difficult to estimate
[80]. In particular, the dwelling had two floors, including ground floor
and first floor, so that the heat capacitances of these two thermal zones
were selected for calibration. The initial values of these parameters can be
seen in Table 3.6.
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TABLE 3.6: Values of parameters during calibration.
Parameter Initial value Calibration value Calibration Step Calibrated value Unit
Infiltration rate 1 0.8÷1.2 0.05 1.15 ACH
Heat capacitance (ground floor) 2500 1500÷3500 20 2560 kJ/K
Heat capacitance (first floor) 2000 1000÷3000 20 2430 kJ/K
Daily house heat demand or daily thermal output to the house was the mea-
sure to calibrate the whole building simulation model. This approach was pro-
posed by Safa et. [83] [84]. Particularly, coefficients of variation of the root
mean square errors CV(RMSE) between simulated and monitored daily ther-
mal outputs to the house were estimated. After that, the infiltration rate and
heat capacitance were varied to obtain the minimisation of a non-dimensional
cost function expressed in Equation 3.21.






GenOpt software linked with TRNSYS environment was also utilised to au-
tomatically adjust the calibrated parameters (infiltration rate and heat capaci-
tance) to achieve the minimisation of the cost function fq,house in Equation 3.21.
The optimisation was processed in GenOpt using the hybrid generalised pat-
tern search algorithm with particle swarm optimisation algorithm and Hooke-
Jeeves pattern search method, as suggested by Silva et al. [85]. The calibrated
ranges for each parameter and the steps of each optimisation routine are also
reported in Table 3.5.
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3.4.3.2 Calibration results of whole building simulation model
Figure 3.30 shows the comparison of daily heat demand or daily thermal out-
put to the house between the model and the field trial over three periods. The
curve depicting monitored daily building heat demand with regards to daily
mean ambient temperature was also compared with the one illustrating simu-
lated daily building heat demand versus daily mean outdoor temperature, as
depicted in Figure 3.31, following the approach proposed by Safa et al. [83] [84].
In Figure 3.30, the relationship between daily heat demand versus daily mean
ambient temperatures of the model’s predictions highly coincided with that
of the field collected data, according to the linear regressions. It is noted that
the outliers caused by sensor malfunction in Figure 3.30 were removed in Fig-
ure 3.31. Consequently, RMSE and CV(RMSE) were calculated to be 16.39 and
18.14%, respectively.
The parameters founded in calibration were: 1.15 air change per hour (ACH)
for infiltration rate; 2560 kJ/K for heat capacitance of the first floor; and 2430
kJ/K for heat capacitance of the second floor, as presented in Table 3.5.
FIGURE 3.30: Daily building heat demand comparison between the model and
the field trial data for three periods.
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FIGURE 3.31: Comparison of daily thermal output to the house between the
model and the field trial.
3.5 Summary
This chapter discusses how the models of the variable capacity CAWHP, the
TES tank and the whole integrated building simulation were developed, cali-
brated and validated based on the field trial results and the laboratory data.
Firstly, the heat pump model, TRNSYS Type 1271, was developed using the per-
formance map informed by the field monitoring data. The defrost cycle model,
accounting for frost and defrost effects, was created separately and incorpo-
rated outside the heat pump model. The developed heat pump model coupled
with the defrost cycle model was then successfully calibrated and validated
against the field trial data and the laboratory results at component level and in-
tegrated system level. At component level, CV(RMSE)s of outlet water temper-
atures and COPs respectively accounted for 3.84% and 11% during calibration,
while 4.14% and 11.6% during validation. The mismatch between the model
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and the field trial data during transient states is also discussed in this chapter.
At integrated system level, the results of the model highly correlated with the
monitoring data for both calibration and validation processes, with CV(RMSE)
of daily COP of 4.15% for calibration and 3.31% for validation.
Secondly, the TES model was developed using TRNSYS Type 534 based on the
technical documents of the field trial custom design storage. Then, the model
was calibrated accordingly. The calibrated temperatures at the top and bottom
of the storage in charging, discharging and standby mode were within 2.5 °C
uncertainty of the measured tank node temperatures.
Finally, the whole building simulation model, including the building model,
the DHW water model and other component models coupled with the CAWHP
and TES models, was sucessfully developed and calibrated.
Chapter 4
Performance Assessment of Cascade
Air-to-water Heat Pump Retrofitted
into UK Residential Buildings
4.1 Introduction
In this chapter, an evaluation of the techno-economic performance of the CAWHP
system when retrofitted into UK residential buildings, especially endeavoring
to quantify carbon and energy savings compared with oil and gas fired boilers,
is presented. The retrofit CAWHP system was investigated with different sce-
narios, including various property types and ages, different locations across the
UK, and varied control strategies (fixed flow water temperature and weather
compensation). The rest of this chapter includes:
• Section 4.2: Methodology is given.
• Section 4.3: Results are presented along with discussion.
• Section 4.4: This chapter is summarised.
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4.2 Methodology
After developing and validating the models, as described in Chapter 3, the
whole incorporated building model was simulated with one-minute intervals
in order to capture the high accurate operation of the system. Three main series
of the simulations were done interchangeably, as explained below.
4.2.1 Different property types and ages
The first series of the simulations were carried out with various building types
and ages. Archetypes that were run in the simulations are shown in Table 4.1.
There were nine different archetypes, combining between three distinct housing
types (mid-terraced, semi-detached, and detached) and three varied building
ages (1900s, 1970s, and 1990s). These properties were selected because accord-
ing to the report of Department for Business, Energy and Industrial Strategy
in [17], CAWHPs are typically specialised for retrofitting into hard-to-heat or
ageing residential buildings (high heat loss properties). Also, these properties
are often in off-gas grid area and running with oil, where cost savings might be
obtained if CAWHPs are retrofitted.
TABLE 4.1: Overview of archetypes carried out in the simulations.




Number of archetypes 3 3
Total number of simulated archetypes 9
Apart from the mid-terraced building depicted in Figure 3.6, the overviews of
the semi-detached and detached houses drawn in SketchUp software are shown
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in Figure 4.1. The dwellings were organised to have two thermal zones, includ-
ing ground floor (GF) and first floor (FF). The GF comprised the living, kitchen
and store areas, while the FF was the spaces of three bedrooms and a bathroom.
Both floors had an area of 55 m2 in accordance with the height of 2.7 m. As the
storeroom located at the GF did not need heating, the heated volume of the GF
was calculated to be 120 m3, whilst 150 m3 was accounted for the heated vol-
ume of the FF. Each thermal zone was heated by the retrofit CAWHP via wet
traditional radiators (high heat distribution systems).
(A)
(B)
FIGURE 4.1: Investigated buildings drawn in SketchUp environment: (a) Semi-
detached; (b) detached.
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The adjacent houses of the mid-terraced (Figure 3.6) and semi-detached (Figure
4.1a) are shown as the shading objects. The party-walls between the buildings
were set up as boundaries, with the surface temperatures being assumed as
the space temperatures of the adjacent rooms. These temperature profiles were
obtained from the measurements of the field trial adjacent house, as mentioned
in Chapter 2.
The thermal characteristics of the buildings, that were set up in the simulations,
followed the 1900s, 1970s, and 1990s building regulation standards in line with
the report of Energy Saving Trust [8] mentioning U-values of existing houses in
Northern Ireland. Summary of the thermal characteristics of the three reference
buildings can be seen in Table 4.2.
TABLE 4.2: The thermal characteristics of the reference buildings based on the



















Ground floor First floor
1900s 1.65 1.42 0.67 4.8 1.15 2560 2430
1970s 1 0.68 0.6 4.8 1 2560 2430
1990s 0.6 0.35 0.45 4.8 0.5 2560 2430
4.2.2 Different locations
The second series of annual simulations were run with different climatic con-
ditions across the UK, including Belfast, Aviemore, Camborne, and Bracknell.
The geographical map of these locations is illustrated in Figure 4.2. These loca-
tions range from northern Scotland to southern England, which represent the
variations from severe to mild weather in the UK. The meteonorm weather pro-
files available in TRNSYS database were used. In Table 4.3, the heating degree
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days (HDDs) along with the maximum and minimum hourly average external
air temperatures are reported to indicate the heat demands of the selected lo-
cations. HDDs were computed based on the chosen weather files in TRNSYS
with the base temperature of 15.5 °C that is the standard in the UK [86]. It is
clear in Figures 4.2 and 4.3 that Aviemore (latitude of 57.2 °N and longitude
of -3.83 °E) was the coldest location with the HDDs of 3203, while Camborne
(latitude of 50.22 °N and longitude of -5.32 °E) had the mildest climate with the
HDDs of 1840. Also, Belfast (latitude of 54.65 °N and longitude of -6.22 °E) had
2475 HDDs followed by Bracknell (latitude of 51.38 °N and longitude of -0.78
°E) requiring HDDs of 1840.
FIGURE 4.2: Geography map of the selected UK locations investigated in the
simulations.
TABLE 4.3: Heating degree days and hourly maximum and minimum air tem-






Belfast 2475 23.8 -5.6
Aviemore 3203 24.3 -11.2
Camborne 1840 23.7 -4.09
Bracknell 2092 29.5 -6.2
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4.2.3 Different control strategies
The third set of simulations was run interchangeably with the cascade heat
pump adopting fixed outlet water temperature and weather compensation strat-
egy. These simulations aimed at assessing how the efficiency of the cascade heat
pump could improve when it adopted weather compensation compared with
the fixed flow temperature.
Regarding the constant flow temperature strategy, the outlet water temperature
was fixed to 75°C that imitated the outlets of conventional boilers. As for the
weather compensation control, the minimum flow temperature was set at 55 °C
if the ambient temperature was 15 °C and above, while the maximum flow was
set at 75 °C corresponding to the ambient temperature of 0 °C and below, as
shown in Figure 4.3.
FIGURE 4.3: Weather compensation set-up for the heat pump model.
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4.3 Results and Discussion
4.3.1 Performance of the cascade heat pump retrofitted into 1900s
mid-terraced dwellings
4.3.1.1 In Northern Ireland
The predicted performance of the CAWHP retrofitted into the 1900s mid-terraced
buildings with and without weather compensation in Belfast - Northern Ireland
are summarised in Table 4.4, with summer months (June to August) being of the
DHW demands only.
Considering the fixed outlet water temperature, the annual heat output of the
cascade heat pump was approximately 89.96GJ (24989 kWh), and the yearly
electric consumption accounted for roundly 42.39GJ (11777 kWh). The annual
COPsys was thus computed equal 2.12, with the monthly COPsys ranging from
1.98 to 2.54 where the mean COPsys of winter period (December to March) ac-
counted for 2.02.
TABLE 4.4: Summary of simulation results of the CAWHP retrofitted into the
1900s mid-terraced building in Belfast - Northern Ireland.
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
Air temperature [°C] 3.6 3.9 5.5 7.3 10.2 13 14.7 14.5 12.2 9.9 5.9 4.7 8.8
a) Fixed outlet water temperature (75 °C)
COPsys [-] 1.98 2.00 2.07 2.17 2.31 2.44 2.54 2.51 2.42 2.29 2.10 2.04 2.12
Electric use [kWh] 1808 1615 1459 1062 734 139 115 134 624 953 1448 1686 11777
Heat output [kWh] 3588 3230 3025 2308 1697 339 291 337 1513 2186 3040 3435 24989
b) Weather compensation
COPsys [-] 2.09 2.12 2.24 2.43 2.66 3.02 3.14 3.11 2.85 2.62 2.27 2.17 2.32
Electric use [kWh] 1675 1500 1312 911 607 109 89 107 505 793 1300 1552 10460
Heat output [kWh] 3504 3177 2940 2213 1613 328 280 332 1439 2075 2951 3362 24216
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Regarding the heat pump adopted weather compensation strategy, the annual
COPsys was about 9.4% higher than the one with fixed outlet water temperature
(Table 4.4). This resulted in around 11.2% of annual energy savings which could
be achieved with the weather compensation strategy. Details of the monthly
COPsys improvements, indicating the enhancement of the cascade heat pump
when adopting weather compensation compared to fixed outlet water tem-
perature, can be seen in Figure 4.4. The higher mean air temperatures cor-
responded to the higher monthly COPsys enhancements, and vice versa. The
monthly COPsys improvements ranged from approximately 5.4% to 23.9%, with
the highest in summer period and the lowest in winter months.
FIGURE 4.4: Influence of weather compensation on monthly COPsys improve-
ments in Belfast-Northern Ireland of the CAWHP in the 1900s mid-terraced
dwelling.
4.3.1.2 In different locations across the UK
The annual COPsys of the CAWHP primarily depended on weather conditions.
In Table 4.5, as for the fixed outlet water temperature, the CAWHP retrofitted
into the 1900s mid-terraced buildings had the best performance in Camborne
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(yearly COPsys of 2.24) thanks to the mildest weather condition (HDDs of 1840
reported in 4.3) compared to the other locations. In contrast, the cascade heat
pump performed most badly in Aviemore (annual COPsys of 2.03) due to the ex-
treme weather condition where the external air temperatures dropped to -11.2
°C along with the highest HDDs of 3203 (Table 4.3). The cascade heat pump’s
performance in Bracknell and Belfast were better than the one in Aviemore but
worse than that in Camborne, with annual COPsys of 2.17 and 2.12, respectively.
Regarding the heat pump with weather compensation, the yearly COPsys also
ranged from the highest (2.5) in milder condition Camborne to the lowest (2.17)
in severe condition Aviemore. These yearly figures indicate that the retrofit
CAWHP is unlikely to be suitable for the renewable heat incentive scheme in
the UK requiring a seasonal performance factor of 2.5 [87].
TABLE 4.5: Annual simulation results of the stand-alone CAWHP in different
climates.













Belfast 2.12 11777 24989 2.32 10460 24216
Aviemore 2.03 13962 28396 2.17 12728 27615
Camborne 2.24 9427 21100 2.5 8105 20299
Bracknell 2.17 10740 23335 2.38 9321 22144
The employment of weather compensation strategy permitted the retrofit CAWHP
to acquire the better performance. Besides, milder weather conditions could
allow this strategy to improve the heat pump’s performances further. To bet-
ter explain this effect, Figure 4.5 depicts the relationship between the annual
COPsys enhancement and the weighted mean of hourly ambient temperature
(Twma) in different locations, following the approach proposed by Madonna and
Bazzocchi [8]. The improvement of yearly COPsys changed relatively according
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to the climatic variations. In particular, it was approximately 6.7% in Aviemore
(Twma of 6 °C), just below 9.1% in Belfast (Twma of 8.4 °C), 9.3% in Bracknell
(Twma of 10.2 °C) and 11.9% in Camborne (Twma of 10.6 °C).
FIGURE 4.5: Influence of weather compensation on annual COPsys improve-
ments as a function of Twma.
4.3.2 Performance of the cascade heat pump retrofitted into dif-
ferent property types and ages
This section presents the performance analysis of the retrofit CAWHP in differ-
ent scenarios. Particularly, an evaluation on annual COPsys and annual energy
consumption of the CAWHP retrofitted into the different property types and
ages along with the four selected locations and the two control strategies is dis-
cussed.
4.3.2.1 Annual COPsys
Tables 4.6, 4.7, and 4.8 report the summaries of the predicted annual heat out-
put, energy consumption, and COPsys of the retrofit CAWHPs for the nine
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archetypes in line with the four selected locations and the two control strategies.
Additionally, Figure 4.6 shows the percentages of annual COPsys improvement
of the CAWHPs with weather compensation control compared to those with
the fixed flow water temperature.
TABLE 4.6: Summary results of the CAWHP retrofitted into mid-terraced
buildings with different ages and varied locations.
Mid-terraced building
Building age Location/HDDs
Annual useful heat output [kWh] Annual Electric Use [kWh] Annual COPsys [-]
Fixed flow Weather compensation Fixed flow Weather compensation Fixed flow Weather compensation
1900s
Belfast/2475 24989 24216 11777 10460 2.12 2.32
Aviemore/3203 28396 27615 13962 12728 2.03 2.17
Bracknell/2092 23335 22144 10740 9321 2.17 2.38
Camborne/1840 21100 20299 9427 8105 2.24 2.5
1970s
Belfast/2475 22631 21997 10726 9543 2.11 2.31
Aviemore/3203 25899 25332 12774 11760 2.03 2.15
Bracknell/2092 21036 20045 9724 8509 2.16 2.36
Camborne/1840 18956 18417 8518 7433 2.23 2.48
1990s
Belfast/2475 15354 15047 7293 6616 2.11 2.27
Aviemore/3203 17895 17727 8828 8283 2.03 2.14
Bracknell/2092 14073 13482 6548 5819 2.15 2.32
Camborne/1840 12408 12166 5583 4991 2.22 2.44
TABLE 4.7: Summary results of the CAWHP retrofitted into semi-detached
buildings with different ages and varied locations.
Semi-detached building
Building age Location/HDDs
Annual useful heat output [kWh] Annual Electric Use [kWh] Annual COPsys [-]
Fixed flow Weather compensation Fixed flow Weather compensation Fixed flow Weather compensation
1900s
Belfast/2475 29078 28155 12810 11830 2.27 2.38
Aviemore/3203 31524 30783 14731 13866 2.14 2.22
Bracknell/2092 26885 25923 11588 10624 2.32 2.44
Camborne/1840 25963 24609 10661 9538 2.3 2.58
1970s
Belfast/2475 26087 25213 11895 10761 2.41 2.34
Aviemore/3203 28890 28195 13868 12910 2.08 2.18
Bracknell/2092 23963 23071 10699 9590 2.24 2.41
Camborne/1840 22683 21681 9759 8546 2.32 2.54
1990s
Belfast/2475 19884 19181 9121 8162 2.18 2.35
Aviemore/3203 22522 21937 10828 9971 2.08 2.2
Bracknell/2092 18062 17366 8099 7206 2.23 2.41
Camborne/1840 16892 16129 7344 6350 2.3 2.54
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TABLE 4.8: Summary results of the CAWHP retrofitted into detached buildings
with different ages and varied locations.
Detached building
Building age Location/HDDs
Annual useful heat output [kWh] Annual Electric Use [kWh] Annual COPsys [-]
Fixed flow Weather compensation Fixed flow Weather compensation Fixed flow Weather compensation
1900s
Belfast/2475 33339 31524 15303 13684 2.18 2.38
Aviemore/3203 34937 34289 16667 15383 2.1 2.23
Bracknell/2092 31347 30525 14001 12472 2.24 2.45
Camborne/1840 31037 30119 13534 11802 2.29 2.55
1970s
Belfast/2475 30467 29891 14115 12743 2.16 2.35
Aviemore/3203 32967 32444 15835 14723 2.08 2.2
Bracknell/2092 28160 27533 12710 11416 2.22 2.41
Camborne/1840 26963 26297 11833 10421 2.28 2.52
1990s
Belfast/2475 22161 22013 10324 9530 2.15 2.31
Aviemore/3203 25592 25597 12409 11841 2.06 2.16
Bracknell/2092 20008 19813 9118 8397 2.19 2.36
Camborne/1840 18385 18122 8118 7308 2.26 2.48
FIGURE 4.6: COP improvement of the CAWHP adopted weather compensa-
tion control compared with those adopted fixed flow temperature.
With regards to the mid-terraced buildings, annual COPsys was from 2.03 to
2.24 with the fixed flow water temperature heat pumps, while yearly COPsys
was between 2.15 and 2.48 with the weather compensation control (Table 4.6).
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COPsys improvements of 5.6% to 11.6% were obtained if the cascade heat pump
adopted weather compensation control compared to those with the fixed flow
temperature (Figure 4.6).
As for the semi-detached houses, from 2.08 to 2.41 of COPsys was seen with
the fixed outlet water temperature CAWHPs, whereas between 2.18 and 2.58 of
COPsys was observed with the weather compensation control (Table 4.7), which
accounted for the enhancements of 3.7% to 10.4% (Figure 4.6) when the cascade
heat pumps took advantage of weather compensation control strategy.
Considering the detached dwellings, maximum COPsys of 2.29 and 2.55 was
obtained with the fixed flow water temperature and weather compensation, re-
spectively. Minimum COPsys of 2.06 was seen with the fixed outlet temperature
heat pumps, whilst minimum COPsys of 2.16 was observed with the weather
compensation ones. In Figure 4.6, the efficiency enhancements ranging from
4.9% to 11.4% were accounted for the CAWHPs employed weather compensa-
tion in comparison to those with fixed outlet water temperature.
In general, the thermal inertia of the buildings affected the annual efficiency of
the retrofit CAWHPs. Particularly, if the cascade heat pumps were retrofitted
into the newer dwellings, their efficiency was slightly reduced, and vice versa
(see Tables 4.6, 4.7, and 4.8). For example, looking at the mid-terraced buildings
in Belfast, annual COPsys of the 1900s house with the fixed flow water tempera-
ture was 2.12 followed by annual COPsys of 2.11 regarding the 1970s and 1990s
buildings. With the weather compensation control, annual COPsys of the cas-
cade heat pump retrofitted into the 1900s dwelling accounted for 2.32, while
it was 2.31 for the 1970s house followed by 2.29 for the 1990s building. This
performance could be explained that the better house thermal inertia tended to
make the heat pumps operate, on average, mostly when external air tempera-
tures were low. In other words, the thermal energy requirement of the newer
buildings tended to be zero when external air temperatures were above certain
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points (e.g. 16 °C), resulting in making the heat pumps work mostly with lower
ambient temperatures.
4.3.2.2 Energy consumption
The energy utilisation of the CAWHPs retrofitted into nine archetypes in the se-
lected locations along with two control strategies can also be seen in Tables 4.6,
4.7, and 4.8. It is clear in the tables that all factors, including property types and
ages, weather conditions, and control approaches, affected the annual energy
consumption of the retrofit CAWHPs.
Different building types and ages yielded different energy consumption. In par-
ticular, the buildings with the higher heat losses consumed more energy than
those with the better thermal inertia. For example, the cascade heat pumps
in the 1900s detached buildings, which had the highest heat losses, consumed
more energy than those in the other buildings. In contrast, the CAWHPs retrofitted
into the 1990s mid-terraced dwellings, which had the best thermal inertia, used
the least energy.
Weather conditions also affected the energy utilisation of the retrofit CAWHPs.
If the cascade heat pumps were installed in the locations where the weather
was milder, the electric use was lower compared to those in the severe weather
locations. For instance, looking at Table 4.7 for the 1990s semi-detached build-
ing retrofitted with the fixed flow water temperature heat pump, the electric
consumption in Camborne (the mildest climate) was lowest (7344 kWh), while
that in Aviemore (the most severe weather) was highest (10828 kWh).
The CAWHPs employing weather compensation control could obtain energy
savings compared with the fixed flow water temperature heat pumps. In Figure
4.7, from 4.6% to 14% of the yearly energy savings could be acquired if the
cascade heat pumps employed weather compensation control.
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FIGURE 4.7: Annual energy consumption savings of the CAWHP adopted
weather compensation control compared with fixed flow temperature.
4.3.3 Retrofit assessment of the cascade heat pump system
To evaluate the retrofit performance of the selected CAWHP, the operating costs
and CO2 emissions of the cascade heat pump were compared to those of the
60%, 70%, 80% and 90% efficiency oil- and gas-fired boilers (representing from
old heavy weight boilers to new condensing boilers that are popular in the UK
housing stock). Tables 4.9, 4.10, and 4.11 report these results of the cascade heat
pump and the boilers in the mid-terraced, detached, and semi-detached build-
ings, respectively. The price of electricity was £0.175/kWh [88]. The oil price
per kWh was £0.068 [89]. The gas price was £0.06508/kWh for the first 2000
kWh, and £0.0459/kWh for the after 2000 kWh [90]. The carbon conversion fac-
tor for grid electricity was 0.3844 kgCO2/kWh (including electricity generation
and transmission and distribution factors [91]). The carbon emissions factors
were 0.2 kgCO2/kWh for gas and 0.243 kgCO2/kWh for oil [91].
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TABLE 4.9: Annual energy consumption, running costs and carbon emissions




Belfast Aviemore Bracknell Camborne Belfast Aviemore Bracknell Camborne Belfast Aviemore Bracknell Camborne
1) Retrofit CAWHP
a) Fixed flow water temperature
Annual electric use [kWh] 11777 13962 10740 9427 10726 12774 9724 8518 7293 8828 6548 5583
Annual running cost [£] 2061 2443 1880 1650 1877 2236 1702 1491 1276 1545 1146 977
Annual CO2 emissions [kg] 4527 5367 4129 3624 4123 4910 3738 3274 2803 3393 2517 2146
b) Weather compensation control
Annual electric use [kWh] 10460 12728 9321 8105 9543 11760 8509 7433 6616 8283 5819 4991
Annual running cost [£] 1831 2227 1631 1418 1670 2058 1489 1301 1158 1450 1018 873
Annual CO2 emissions [kg] 4021 4893 3583 3116 3668 4520 3271 2857 2543 3184 2237 1919
2) Oil boiler
a) 60% efficiency
Annual oil use [kWh] 34895 39754 32669 29540 31683 36259 29450 26538 21496 25053 19702 17371
Annual running cost [£] 2379 2703 2221 2009 2154 2466 2003 1805 1462 1704 1340 1181
Annual CO2 emissions [kg] 8501 9660 7939 7178 7699 8811 7156 6449 5223 6088 4788 4221
b) 70% efficiency
Annual oil use [kWh] 32486 36915 30336 27430 29420 33669 27347 24643 19960 23264 18295 16130
Annual running cost [£] 2209 2510 2063 1865 2001 2289 1860 1676 1357 1582 1244 1097
Annual CO2 emissions [kg] 7894 8970 7372 6665 7149 8181 6645 5988 4850 5653 4446 3920
c) 80% efficiency
Annual oil use [kWh] 29987 34075 28002 25320 27157 31079 25243 22747 18425 21474 16888 14890
Annual running cost [£] 2039 2317 1904 1722 1847 2113 1717 1547 1253 1460 1148 1012
Annual CO2 emissions [kg] 7287 8280 6804 6153 6599 7552 6134 5528 4477 5218 4104 3618
d) 90% efficiency
Annual oil use [kWh] 27488 31236 25669 23210 24894 28489 23140 20852 16889 19685 15480 13649
Annual running cost [£] 1869 2124 1745 1578 1693 1937 1573 1418 1148 1339 1053 928
Annual CO2 emissions [kg] 6680 7590 6237 5640 6049 6923 5623 5067 4104 4783 3762 3317
3) Gas boiler
a) 60% efficiency
Annual gas use [kWh] 34895 39754 32669 29540 31683 36259 29450 26538 21496 25053 19702 17371
Annual running cost [£] 1646 1865 1539 1396 1494 1704 1392 1258 1020 1190 944 837
Annual CO2 emissions [kg] 6997 7951 6534 5908 6335 7252 5890 5308 4272 5011 3941 3474
b) 70% efficiency
Annual gas use [kWh] 32486 36915 30336 27430 29420 33669 27347 24643 19960 23264 18295 16130
Annual running cost [£] 1531 1734 1432 1299 1390 1585 1295 1171 950 1108 880 780
Annual CO2 emissions [kg] 6497 7383 6067 5486 5883 6734 5469 4929 3967 4653 3660 3226
c) 80% efficiency
Annual gas use [kWh] 29987 34075 28002 25320 27157 31079 25243 22747 18425 21474 16888 14890
Annual running cost [£] 1416 1604 1325 1202 1286 1466 1198 1084 880 1025 815 723
Annual CO2 emissions [kg] 5997 6815 5600 5064 5430 6216 5049 4549 3662 4295 3378 2978
d) 90% efficiency
Annual gas use [kWh] 27488 31236 25669 23210 24894 28489 23140 20852 16889 19685 15480 13649
Annual running cost [£] 1301 1474 1218 1105 1182 1347 1102 997 810 943 750 666
Annual CO2 emissions [kg] 5498 6247 5134 4642 4978 5698 4628 4170 3357 3937 3097 2730
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TABLE 4.10: Annual energy consumption, running costs and carbon emissions




Belfast Aviemore Bracknell Camborne Belfast Aviemore Bracknell Camborne Belfast Aviemore Bracknell Camborne
1) Retrofit CAWHP
a) Fixed flow water temperature
Annual electric use [kWh] 12810 14731 11588 10661 11895 13868 10699 9759 9121 10828 8099 7344
Annual running cost [£] 2242 2578 2028 1866 2082 2427 1872 1708 1596 1895 1417 1285
Annual CO2 emissions [kg] 4924 5663 4455 4098 4572 5331 4113 3751 3506 4162 3113 2823
b) Weather compensation control
Annual electric use [kWh] 11830 13866 10624 9538 10761 12910 9590 8546 8162 9971 7206 6350
Annual running cost [£] 2070 2427 1859 1669 1883 2259 1678 1496 1428 1745 1261 1111
Annual CO2 emissions [kg] 4547 5330 4084 3667 4137 4962 3687 3285 3137 3833 2770 2441
2) Oil boiler
a) 60% efficiency
Annual oil use [kWh] 40709 44134 37639 35970 36521 40446 33548 31757 27837 31530 25287 23649
Annual running cost [£] 2768 3001 2559 2446 2483 2750 2281 2159 1893 2144 1719 1608
Annual CO2 emissions [kg] 9892 10725 9146 8741 8875 9828 8152 7717 6764 7662 6145 5747
b) 70% efficiency
Annual oil use [kWh] 37801 40981 34950 33401 33913 37557 31152 29488 25849 29278 23480 21960
Annual running cost [£] 2570 2787 2377 2271 2306 2554 2118 2005 1758 1991 1597 1493
Annual CO2 emissions [kg] 9186 9958 8493 8116 8241 9126 7570 7166 6281 7115 5706 5336
c) 80% efficiency
Annual oil use [kWh] 34894 37829 32262 30831 31304 34668 28755 27220 23861 27026 21674 20271
Annual running cost [£] 2373 2572 2194 2097 2129 2357 1955 1851 1623 1838 1474 1378
Annual CO2 emissions [kg] 8479 9192 7840 7492 7607 8424 6988 6614 5798 6567 5267 4926
d) 90% efficiency
Annual oil use [kWh] 31986 34677 29573 28262 28695 31779 26359 24952 21872 24774 19868 18581
Annual running cost [£] 2175 2358 2011 1922 1951 2161 1792 1697 1487 1685 1351 1264
Annual CO2 emissions [kg] 7773 8426 7186 6868 6973 7722 6405 6063 5315 6020 4828 4515
3) Gas boiler
a) 60% efficiency
Annual gas use [kWh] 40709 44134 37639 35970 36521 40446 33548 31757 27837 31530 25287 23649
Annual running cost [£] 1908 2066 1767 1691 1716 1896 1580 1497 1318 1487 1200 1125
Annual CO2 emissions [kg] 8142 8827 7528 7194 7304 8089 6710 6351 5567 6306 5057 4730
b) 70% efficiency
Annual gas use [kWh] 37801 40981 34950 33401 33913 37557 31152 29488 25849 29278 23480 21960
Annual running cost [£] 1775 1921 1644 1573 1596 1764 1470 1393 1226 1384 1118 1048
Annual CO2 emissions [kg] 7560 8196 6990 6680 6783 7511 6230 5898 5170 5856 4696 4392
c) 80% efficiency
Annual gas use [kWh] 34894 37829 32262 30831 31304 34668 28755 27220 23861 27026 21674 20271
Annual running cost [£] 1641 1776 1521 1455 1477 1631 1360 1289 1135 1280 1035 970
Annual CO2 emissions [kg] 6979 7566 6452 6166 6261 6934 5751 5444 4772 5405 4335 4054
d) 90% efficiency
Annual gas use [kWh] 31986 34677 29573 28262 28695 31779 26359 24952 21872 24774 19868 18581
Annual running cost [£] 1508 1631 1397 1337 1357 1498 1250 1185 1044 1177 952 893
Annual CO2 emissions [kg] 6397 6935 5915 5652 5739 6356 5272 4990 4374 4955 3974 3716
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TABLE 4.11: Annual energy consumption, running costs and carbon emissions
of the retrofit CAWHP along with gas and oil boilers in the detached buildings.
Detached building
1900s 1970s 1990s
Belfast Aviemore Bracknell Camborne Belfast Aviemore Bracknell Camborne Belfast Aviemore Bracknell Camborne
1) Retrofit CAWHP
a) Fixed flow water temperature
Annual electric use [kWh] 15303 16667 14001 13534 14115 15853 12710 11833 10324 12409 9118 8118
Annual running cost [£] 2678 2917 2450 2368 2470 2774 2224 2071 1807 2172 1596 1421
Annual CO2 emissions [kg] 5882 6407 5382 5203 5426 6094 4886 4549 3969 4770 3505 3120
b) Weather compensation control
Annual electric use [kWh] 13684 15383 12472 11802 12743 14723 11416 10421 9530 11841 8397 7308
Annual running cost [£] 2395 2692 2183 2065 2230 2576 1998 1824 1668 2072 1469 1279
Annual CO2 emissions [kg] 5260 5913 4794 4537 4898 5659 4388 4006 3663 4552 3228 2809
2) Oil boiler
a) 60% efficiency
Annual oil use [kWh] 46675 48911 43886 43452 42653 46154 39424 37748 31026 35829 28011 25739
Annual running cost [£] 3174 3326 2984 2955 2900 3138 2681 2567 2110 2436 1905 1750
Annual CO2 emissions [kg] 11342 11885 10664 10559 10365 11215 9580 9173 7539 8706 6807 6255
b) 70% efficiency
Annual oil use [kWh] 43341 45418 40751 40349 39607 42857 36608 35051 28810 33269 26010 23901
Annual running cost [£] 2947 3088 2771 2744 2693 2914 2489 2384 1959 2262 1769 1625
Annual CO2 emissions [kg] 10532 11037 9903 9805 9624 10414 8896 8518 7001 8084 6321 5808
c) 80% efficiency
Annual oil use [kWh] 40007 41924 37617 37254 36560 39561 33792 32355 26594 30710 24010 22062
Annual running cost [£] 2720 2851 2558 2533 2486 2690 2298 2200 1808 2088 1633 1500
Annual CO2 emissions [kg] 9722 10188 9141 9050 8884 9613 8211 7862 6462 7463 5834 5361
d) 90% efficiency
Annual oil use [kWh] 36673 38430 34482 34141 33513 36264 30976 29659 24377 28151 22009 20224
Annual running cost [£] 2494 2613 2345 2322 2279 2466 2106 2017 1658 1914 1497 1375
Annual CO2 emissions [kg] 8912 9339 8379 8296 8144 8812 7527 7207 5924 6841 5348 4914
3) Gas boiler
a) 60% efficiency
Annual gas use [kWh] 46675 48911 43886 43452 42653 46154 39424 37748 31026 35829 28011 25739
Annual running cost [£] 2182 2285 2054 2034 1998 2158 1849 1772 1464 1684 1326 1221
Annual CO2 emissions [kg] 9335 9782 8777 8690 8531 9231 7885 7550 6205 7166 5602 5148
b) 70% efficiency
Annual gas use [kWh] 43341 45418 40751 40349 39607 42857 36608 35051 28810 33269 26010 23901
Annual running cost [£] 2029 2124 1910 1892 1858 2007 1720 1649 1362 1567 1234 1137
Annual CO2 emissions [kg] 8668 9084 8150 8070 7921 8571 7322 7010 5762 6654 5202 4780
c) 80% efficiency
Annual gas use [kWh] 40007 41924 37617 37254 36560 39561 33792 32355 26594 30710 24010 22062
Annual running cost [£] 1876 1964 1766 1749 1718 1856 1591 1525 1260 1449 1142 1052
Annual CO2 emissions [kg] 8001 8385 7523 7449 7312 7912 6758 6471 5319 6142 4802 4412
d) 90% efficiency
Annual gas use [kWh] 36673 38430 34482 34141 33513 36264 30976 29659 24377 28151 22009 20224
Annual running cost [£] 1723 1804 1623 1607 1578 1704 1462 1401 1159 1332 1050 968
Annual CO2 emissions [kg] 7335 7686 6896 6828 6703 7253 6195 5932 4875 5630 4402 4045
4.3.3.1 Running costs
As for the mid-terraced buildings, the CAWHP’s operating costs per year ranged
from £977 to £2443 if its flow water temperature was fixed to 75 °C, while they
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were between £873 and £2227 if weather compensation control was adopted
(Table 4.9).
Considering the semi-detached dwellings (Table 4.10), the annual operating
costs of the retrofit CAWHP were in the range from £1285 to £2578 as well as
from £1111 to £2427 for fixed flow water temperature and weather compensa-
tion control, respectively.
Regarding the detached houses, running the retrofit CAWHP costed from £1421/year
to £2917/year for fixed outlet water temperature, while it was between £1279/year
and £2692/year for weather compensation control (Table 4.11).
Figures 4.8, 4.9, 4.10, 4.11, 4.12, 4.13, 4.14, and 4.15 depict the percentages of
the running cost savings when the gas and oil boilers were retrofitted by the
reference CAWHP. The positive values in the figures indicate that operating
the retrofit CAWHP was cheaper than running the boilers, while the negative
values show that the cascade heat pumps were more expensive to run than the
boilers.
It is clear in Figures 4.8, 4.9, and 4.10 that there were cost savings if the 60%,
70% and 80% efficiency oil boilers were retrofitted by the reference CAWHP,
except the fixed flow water temperature heat pump in Aviemore and Belfast
when replacing 80% efficiency oil boiler (Figure 4.10). However, there were not
money savings if the CAWHP was retrofitted for the 90% efficiency oil boiler
and all gas boilers (Figures 4.11, 4.12, 4.13, 4.14, and 4.15). Since the recent prices
of oil and gas in the UK were relatively low compared to that of electricity,
it presented challenges for retrofitting the reference CAWHP into residential
dwellings. Therefore, to allow the retrofit CAWHP become more competitive
than boilers, the future electricity costs would decrease, or the prospective gas
and oil prices would increase to certain levels.
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FIGURE 4.8: Annual operating cost savings of the retrofit CAWHPs compared
with 60% efficiency oil boilers (Positive values indicate CAWHP’s running
costs are lower than those of boilers).
FIGURE 4.9: Annual operating cost savings of the retrofit CAWHPs compared
with 70% efficiency oil boilers (Positive values indicate CAWHP’s running
costs are lower than those of boilers).
Chapter 4. Performance Assessment of Cascade Air-to-water Heat Pump Retrofitted
into UK Residential Buildings 104
FIGURE 4.10: Annual operating cost savings of the retrofit CAWHPs com-
pared with 80% efficiency oil boilers (Positive values indicate CAWHP’s run-
ning costs are lower than those of boilers).
FIGURE 4.11: Annual operating cost savings of the retrofit CAWHPs com-
pared with 90% efficiency oil boilers (Positive values indicate CAWHP’s run-
ning costs are lower than those of boilers).
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FIGURE 4.12: Annual operating cost savings of the retrofit CAWHPs compared
with 60% efficiency gas boilers (Positive values indicate CAWHP’s running
costs are lower than those of boilers; negative values indicate CAWHP’s oper-
ating costs are higher).
FIGURE 4.13: Annual operating cost savings of the retrofit CAWHPs compared
with 70% efficiency gas boilers (Negative values indicate CAWHP’s operating
costs are higher than those of boilers).
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FIGURE 4.14: Annual operating cost savings of the retrofit CAWHPs compared
with 80% efficiency gas boilers (Negative values indicate CAWHP’s operating
costs are higher than those of boilers).
FIGURE 4.15: Annual operating cost savings of the retrofit CAWHPs compared
with 90% efficiency gas boilers (Negative values indicate CAWHP’s operating
costs are higher than those of boilers).
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4.3.3.2 Payback Time
Based on the running costs analysis of the retrofitted CAWHP above, it is neces-
sary to calculate the payback time in case the heat pump produced operational
savings. As mentioned in Section 1.1.4, the capital costs for the reference 11-kW
CAWHP were £9900, including product itself and installation costs, so that it
was used to calculate the payback time in Equation 4.1. It is assumed that the





Table 4.12 reports the payback time of the CAWHP with weather compensation
control retrofitted into the buildings running with 60%, 70% and 80% efficiency
oil boilers. Since there were not cost savings if the 90% efficiency oil boiler and
all gas boilers were retrofitted by the reference CAWHP, the payback time was
not considered. It is clear that the minimum payback time was 12.7 years when
the heat pump was retrofitted into 1900s semi-detached houses.
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TABLE 4.12: Payback time of the CAWHP with weather compensation control
retrofitted into buildings running with oil boilers.
Building Building Location Payback Time of Oil Boilers Retrofitted by CAWHPs (year)
Type Age 60% efficiency 70% efficiency 80% efficiency
Mid-Terraced 1900s Belfast 18 26.1 47.4
Aviemore 20.8 35 110
Bracknell 16.8 22.9 36.3
Camborne 16.8 22.1 32.6
1970s Belfast 20.5 30 56.2
Aviemore 24.3 42.9 180
Bracknell 19.3 26.7 43.4
Camborne 19.6 26.4 40.2
1990s Belfast 32.6 49.7 104.2
Aviemore 39 75 990
Bracknell 30.7 43.8 76.2
Camborne 32.1 44.2 70.7
Detached 1900s Belfast 12.7 17.9 30.5
Aviemore 15.6 25 62.3
Bracknell 12.4 16.8 26.4
Camborne 11.1 14.6 21.2
1970s Belfast 14.8 21.4 38.7
Aviemore 17.6 29.4 87.6
Bracknell 14.5 20.2 33
Camborne 13.3 17.7 26.3
1990s Belfast 22.4 34 70.7
Aviemore 27.2 52.1 618.8
Bracknell 22.7 33 60.4
Camborne 21 28.6 44.8
Semi_Detached 1900s Belfast 14.2 19.8 32.7
Aviemore 17.2 27.5 68.3
Bracknell 14.1 19.1 29.6
Camborne 12.7 16.4 23.1
1970s Belfast 16.5 23.4 40.2
Aviemore 20.2 33.6 101
Bracknell 16.4 22.5 35.7
Camborne 14.9 19.4 27.9
1990s Belfast 21.3 30 50.8
Aviemore 24.8 40.2 106.5
Bracknell 21.6 29.5 46.5
Camborne 19.9 25.9 37.1
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4.3.3.3 Carbon emissions
Carbon emissions of the retrofit CAWHP and boilers in the mid-terraced, de-
tached and semi-detached buildings can be seen in Tables 4.9, 4.11, and 4.10,
respectively. Furthermore, the figures of carbon emissions savings when the
gas and oil boilers were retrofitted by the CAWHP are illustrated in Figures
4.16, 4.17, 4.18, 4.19, 4.20, 4.21, 4.22, and 4.23. The positive values in the figures
indicate that operating the retrofit CAWHP emitted less carbon than running
the boilers, while the negative values show that more CO2 was released to the
environment if the CAWHP was retrofitted.
It is clear from all tables (Table 4.9 to 4.11 ) and all figures (Figure 4.16 to 4.23)
that the retrofit CAWHP could attain relative carbon cut (from 14% to 58%)
compared to the figures of gas and oil boilers. The future UK grid with more
proportions of renewable energy sources would make the retrofit CAWHP more
competitive than fossil-fuelled boilers to help the UK achieve the binding target
of carbon emissions reduction.
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FIGURE 4.16: Annual carbon emissions savings of the retrofit CAWHPs com-
pared with 60% efficiency oil boilers (Positive values indicate CAWHP’s carbon
emissions are lower than those of boilers).
FIGURE 4.17: Annual carbon emissions savings of the retrofit CAWHPs com-
pared with 70% efficiency oil boilers (Positive values indicate CAWHP’s carbon
emissions are lower than those of boilers).
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FIGURE 4.18: Annual carbon emissions savings of the retrofit CAWHPs com-
pared with 80% efficiency oil boilers (Positive values indicate CAWHP’s carbon
emissions are lower than those of boilers).
FIGURE 4.19: Annual carbon emissions savings of the retrofit CAWHPs com-
pared with 90% efficiency oil boilers (Positive values indicate CAWHP’s carbon
emissions are lower than those of boilers).
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FIGURE 4.20: Annual carbon emissions savings of the retrofit CAWHPs com-
pared with 60% efficiency gas boilers (Positive values indicate CAWHP’s car-
bon emissions are lower than those of boilers).
FIGURE 4.21: Annual carbon emissions savings of the retrofit CAWHPs com-
pared with 70% efficiency gas boilers (Positive values indicate CAWHP’s car-
bon emissions are lower than those of boilers).
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FIGURE 4.22: Annual carbon emissions savings of the retrofit CAWHPs com-
pared with 80% efficiency gas boilers (Positive values indicate CAWHP’s car-
bon emissions are lower than those of boilers).
FIGURE 4.23: Annual carbon emissions savings of the retrofit CAWHPs com-
pared with 90% efficiency gas boilers (Positive values indicate CAWHP’s car-
bon emissions are lower than those of boilers).
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4.3.3.4 Limitations of the work
The investigated houses in this work were mid-terraced, detached and semi-
detached. Due to time and cost limitations, there was only heat demand valida-
tion of the mid-terraced building model was carried out. Therefore, the retrofit
analysis of the detached and semi-detached buildings in this study was not
highly accurate as their model parameters were just assumed and not verified
against measured data. Future work should address these limitations.
4.4 Summary
In this chapter, the experimentally validated TRNSYS dynamic building simu-
lation models were used to assess the annually techno-economic performance
of the CAWHP when retrofitted into nine property types and ages in four lo-
cations across the UK. The performance of the retrofit CAWHP adopting fixed
flow water temperature and weather compensation control was also investi-
gated. The main outcomes of the simulation results are listed as follows:
• Regarding the hard-to-heat mid-terraced properties, the annual COPsys of
the retrofit CAWHP was lowest (2.03) in Aviemore and highest (2.24) in
Camborne with the fixed outlet water temperature of 75 °C. With weather
compensation control, the annual COPsys could improve at least 6.7%
and up to 11.9%, with the highest improvement being seen in Camborne
where was milder than other locations, and the lowest being observed in
the severe climate Aviemore.
• Considering the nine investigated archetypes in the four locations, the
retrofit CAWHP could not defeat the gas boilers and 90% efficiency oil
boilers in terms of running costs. However, there were cost savings if
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the 60%, 70%, and 80% efficiency oil boilers were replaced by the retrofit
CAWHP. In addition, the retrofit CAWHP could reduce carbon emissions
from 14% to 58% compared to the figures of gas and oil boilers.
Based on the retrofit results above, it can be concluded that the reference CAWHP
is a good candidate for retrofitting the domestic built environment in off-gas
grid area, where most of the properties are old or high heat losses and run-
ning with low efficiency oil boilers (below 80% efficiency) for thermal heating
demands. Furthermore, although operating the CAWHP was more expensive
than running the condensing oil boilers (high efficiency) and all gas boilers, the
reduced figures of carbon emissions of the retrofit CAWHP would be a good
sign for the future uptake of this renewable-based technology.
Chapter 5
Comparative Performance of
Cascade Heat Pump Coupled with
Thermal Energy Storage in Different
System Configurations
5.1 Introduction
This chapter presents the compared performance of the CAWHP integrated
with the TES tank in the residential dwelling in terms of different system con-
figurations. In particular, three operation modes were carried out, including
direct heating, buffering system, and combined mode, as mentioned in Chapter
2. TRNSYS software was also utilised to simulate the systems. The validated
dynamic building simulations were run with the same one-year period, which
is different from the field trials that were conducted in the different periods.
The rest of this chapter includes:
• Section 5.2: Methodology is presented.
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• Section 5.3: Results and discussion are shown.
• Section 5.4: This chapter is summarised.
5.2 Methodology
To compare the performance of the system of the CAWHP coupled with the
TES tank in terms of different configurations, three sets of annual simulations
were investigated, including direct mode (stand-alone CAWHP system), indi-
rect mode (buffering system) and combined mode (load shifting). These system
configurations are mentioned clearly in Chapter 2 and now summarised as fol-
lows:
• Direct Mode (stand-alone CAWHP system): The CAWHP delivered heat
directly to the house. The flow water temperature of the cascade heat
pump was fixed to 75 °C.
• Indirect Mode (buffering system): The CAWHP provided heat to the TES
tank, and that heat was then transferred to the house. The cascade heat
pump was switched on to reheat the tank if the tank temperature was
below 65 °C, and it was off when the tank reached 70 °C.
• Combined Mode (the load shifting): The heat pump was switched on at
1.00 am (at night) to store energy in the storage, bringing the water tank
temperature to 75 °C. When the house required the first heating demand
of the day, the stored energy was delivered to the house until its temper-
ature dropped to 55 °C. After that, the cascade heat pump took over to
provide heat to the house in the rest of the day. This operation can be as-
signed as demand-side management in which the heat pump was shifted
to off-peak hours (at night) with cheap electricity prices (Economy 7 tariff)
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to store the energy which was later used in the peak demand of the day
(in the early morning).
Three sets of the annual simulations above were run with the same weather file
(Belfast) available in TRNSYS data base. Also, the other boundary conditions
(e.g. internal heat gains) were kept similar for all simulations, allowing the
extracted annual results to be equally compared. It is noted that these simula-
tions just limited to the cascade heat pump with fixed flow temperature, while
weather compensation was not investigated.
5.3 Results and Discussion
5.3.1 Energy performance
The annual simulation results of three modes’ energy performance are sum-
marised in Table 5.1. Furthermore, the simulated results of three modes in two
typical winter days are illustrated in Figure 5.1 in order to investigate how these
modes performed in detail.
TABLE 5.1: Annual simulation results of energy performance of three modes’
operations.
Direct Mode Indirect Mode Combined Mode
Annual COP [-] 2.14 1.66 2.11
Annual COPsys [-] 2.12 1.41 1.88
Storage efficiency [%] - 85 53
Annual electric use [kWh] 11777 17304 13296 (Day: 10045;
Night: 3251)
Annual useful heat [kWh] 24989 24343 24964
Average room temperature [°C] 19.7 19.6 19.8
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FIGURE 5.1: Simulated results of three modes in the same two typical winter
days: (a) Direct mode; (b) indirect mode; (c) combined mode.
Chapter 5. Comparative Performance of Cascade Heat Pump Coupled with Thermal
Energy Storage in Different System Configurations 120
For comparison between the direct mode and the buffering system, the direct
mode had a higher yearly COP than the buffering, as shown in Table 5.1. The
cascade heat pump in the buffering system produced higher flow temperatures
that were about 4 °C higher than the outlet water temperature of the cascade
heat pump in the direct mode (75 °C) to charge the storage (Figures 5.1a and
5.1b). This is because the temperature at which heat provided to the storage
via a heat exchanger needs to be higher to top up the tank. This behavior was
also mentioned for the integrated system of a single-stage AWHP and TES by
Kelly et al. [92]. This higher flow temperature led to the lower COP of the
buffering system. Additionally, due to the parasitic losses of the storage tank,
the buffering system yielded a yearly COPsys of 1.41, which was about 33%
lower efficiency compared to the direct heating (Table 5.1).
Regarding the direct mode and the combined mode, the direct mode also had
a better performance. This is again due to the required higher water flow tem-
peratures to charge the storage associated with the cascade heat pump in the
combined mode (see Figures 5.1a and 5.1c). Furthermore, the CAWHP in the
combined mode was active to top up the storage tank at night when the exter-
nal air temperatures were lower than in daytime, resulting in its COP reduc-
tion. The higher water lift temperature combined with the COP decrease at
night caused a lower annual COP (2.11) of the combined mode in comparison
to the direct system (2.14), as reported in Table 5.1. For the system efficiency,
again because of the parasitic losses of the storage tank, the yearly COPsys of
the combined mode was roughly 11.3% lower than that of the direct mode.
Comparing the buffering to the combined mode, the yearly COP of the buffer-
ing (1.66) was lower than the one of the combined mode (2.11). This is because
the cascade heat pump in the combined mode charged the storage at night and
then provided heat directly to the house in the day time (Figure 5.1c), meaning
that its COP deterioration due to the required high flow temperature was only
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affected for about two hours at night. Meanwhile, the CAWHP in the storage
mode delivered high water flow temperature all the time.
Although all systems could maintain the same comfort (Table 5.1), there was
an electric use penalty of the buffering (17304 kWh) which was approximately
46.9% and 30.1% higher than the heat pump in the direct mode and the com-
bined mode, respectively. There are two main reasons why the buffering sys-
tem consumed more energy than the night shifted load and the direct heating.
Firstly, the heat pump had lower COP in the buffering system than in the di-
rect mode and the combined mode. Secondly, the parasitic losses of the storage
subjecting to the buffering system led the heat pump to consume more energy
to compensate the supplied heat to the house, while this did not occur in the
direct mode and happened in the shorter time during a day in the combined
mode.
5.3.2 Running costs
Running costs of the CAWHP in three modes are calculated and presented in
Table 5.2 based on the simulated energy consumption presented in Table 5.1.
To calculate the operating costs, the electricity price of £0.175 per kWh [88] was
used for the cascade heat pump in the direct mode and the indirect mode. As
for the combined mode that applied the Economy 7 tariff, the day rate was
£0.1666/kWh, while the night rate was £0.0931/kWh [93].
TABLE 5.2: Annual operating costs of the retrofit CAWHP in three modes.
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It is clear in Table 5.2 that the combined mode could help homeowners to pay
less money than the other modes thanks to the benefit of the Economy 7 tariff.
As for the direct mode and indirect mode, the cascade heat pump in the direct
heating was cheaper to run (about 46.9%) than the one in the buffering mode.
The reason for this is due to the lower efficiency of the cascade heat pump and
the parasitic losses of the tank, as mentioned above Section 5.3.1.
In Figure 5.2, it is clear that there was cost penalty associated with the cascade
heat pump in the buffering system (indirect mode). Although the load shifting
(combined mode) could attain the cost savings compared to the other modes
as mentioned above, its operating cost was still higher than those of gas boil-
ers and 90% efficiency oil boiler. Therefore, a better demand-side management
strategy should be carried out to make this CAWHP more cost competitive than
the boilers, which is presented in the next chapter.
FIGURE 5.2: Annual running costs of the retrofit CAWHP in three operating
modes and boilers.
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5.3.3 Summary of advantages and disadvantages of three sys-
tem operations
A summary of the advantages and disadvantages of three mode operations is
stated in Table 5.3. In the direct mode, it took longer time to reach the set-point
room temperature compared to the other modes. This is evidenced by looking
at day 2 in Figure 5.1, in which the room temperature reached 21 °C at 22.31
h (direct mode), 20.58 h (indirect mode) and 22.24 h (combined mode). There
were two main reasons why this happened. First, the cascade heat pump in the
direct mode operated with cold start in the morning, while the high heat output
from the TES in both the indirect mode and combined mode could allow the
room temperature to reach its set-point earlier. Second, during the operation of
a defrost cycle, heat was taken from the house to melt the ice on the outdoor
coils according to the direct mode and combined mode, whilst regarding the
indirect mode, this heat was taken from the TES. This also explains why the
period to reach thermal comfort of the combined mode was shorter than the
indirect mode but longer than the direct mode.
TABLE 5.3: Summary of pros and cons of three mode operations.
Advantage Disadvantage
Direct Mode - High efficiency - High running cost
- Low energy utilisation - Longer time to reach thermal comfort
- Heat for defrost taken from house
Indirect Mode - Faster to reach thermal comfort - High flow temperature to charge TES
- Heat for defrost taken from TES - Low efficiency
- Parasitic losses of TES
- High running cost
- High energy utilisation
Combined Mode - Good efficiency - High flow temperature to charge TES
- Take advantage of low electricity rate - Charge TES at night where ambient temperature is low
- Low running cost - Parasitic losses of TES
- Faster to reach thermal comfort - High energy utilisation
- Heat for defrost taken from house
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5.4 Summary
In this chapter, the system performance of the retrofit CAWHP coupled with
the TES tank was compared by means of the annual extracted simulations un-
der the same boundary conditions. Three operating modes, including direct
mode, indirect mode, and combined mode, were investigated. The direct mode
obtained the highest annual efficiency (COPsys of 2.12) followed by the shifted
load (COPsys of 1.88), whereas the buffering system had the worst performance
(COPsys of 1.41). The reasons behind the low efficiencies in the buffering (indi-
rect mode) and the load shifting (combined mode) were mainly due to the high
outlet water temperature required to top up the tank in line with the parasitic
losses of the storage. With regards to the running costs, the combined mode was
a promising system as its operating cost was lowest thanks to the Economy 7
tariff. However, its operating cost was still higher than those of gas boilers and
90% efficiency oil boiler.
Chapter 6
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In this chapter, different operation strategies for the CAWHP coupled with the
TES were designed to shift both space heating and hot water demands from
peak to off-peak periods. The operation of the cascade heat pump was blocked
to off-peak periods identified by a time-of-use tariff. There were three main ob-
jectives of this investigation. The first was to find the best schedule to operate
the cascade heat pump efficiently with minimised running costs and reduced
wind energy curtailment, while shifting wholly the electrical heating loads to
off-peak periods. The second was to find the optimum system design, storage
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tank sizing and temperature set points in particular. Finally, a retrofit assess-
ment was carried out to evaluate how the designed load shifting strategy could
help the cascade heat pump save operating costs and carbon emissions when
compared with the performance of gas and oil boilers. The remain of this chap-
ter is organised as follows:
• Section 6.2: Methods are discussed.
• Section 6.3: Results and discussion are presented.
• Section 6.4: Summary of this chapter is drawn.
6.2 Methodology
6.2.1 Structure of the simulations
Figure 6.1 shows the structure of the simulations carried out to obtain the re-
sults in this chapter. It contained two main parts: TRNSYS simulation tool
and load shifting strategies. The load shifting strategy component acquired the
information inputs from the grid demand, the available electricity tariffs, the
wind energy, the weather conditions, the tank sizes, the tank temperature set
points, and the starting time to charge the storage tank. The TRNSYS simula-
tion tool received the inputs from the load shifting strategy part, the developed
and validated building models, and the weather conditions. Then, the TRNSYS
tool provided the results of energy consumption, thermal output, running costs
and system efficiency.
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FIGURE 6.1: Structure of the investigated simulations.
6.2.2 Case study
The building investigated in this chapter was the mid-terraced hard-to-heat
house representing typical ageing house stock in the UK, as shown in Figure
2.2 in Chapter 2. The heating system was the selected CAWHP coupled with
the TES tank, transferring heat to the DHW and wet radiator systems for the
space heating demand with the nominal flow of 75 °C, as illustrated in Figure
2.3 in Chapter 2. The sizes of the TES carried out in this chapter were in the
range from 0.6 m3 to 1.1 m3. The tanks’ height was 2 m, but the diameters were
changed in accordance with the storage sizes.
The heating system was controlled on/off, based on a scheduled programmer
to maintain the dining room temperature at 19.5 – 21 °C and the DHW temper-
ature at 50 – 60 °C during the occupied hours. The periods of active occupancy
and operation of the heating system are shown in Figure 6.2, in which the data
were adapted from the work of Kelly et al. [4] representing typical occupants’
behaviours in the UK. In particular, the active occupancy was assumed to be
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07.00 – 08.00 h and 18.00 – 23.00 h every day, and the heating system was turned
on during the periods of 06.00 – 09.00 h and 16.00 – 11.00 h. The heating system
was operated one hour earlier in the morning and evening than the occupancy
periods to preheat the house.
FIGURE 6.2: Daily operating hours of heating system and active occupancy
(data are adapted from [4]).
6.2.3 TRNSYS simulations
The developed TRNSYS whole building simulation models validated against
the laboratory and field trial data, explained in Chapter 3, were utilised to carry
out the load shifting strategies in this chapter. The test and boundary conditions
investigated in the TRNSYS simulations are explained as follows.
Grid demand: In Figure 6.3, the two-consecutive-day electrical demand in
winter in Northern Ireland illustrates that the peak hours were from 16.00 h to
19.00 h, whereas the low demand was between midnight and 06.00 h. The con-
trol algorithms were designed to shift the house heating demands from peak
hours to off-peak periods. Therefore, the TES tank played an important role.
In particular, the TES supplied heat to the house during the period of 16.00 –
19.00 h, while it was charged to store the energy by the cascade heat pump at
any time outside of that period. The start-up time to top up the TES was deter-
mined depending on the designed load shifting strategies, as explained in the
next sections.
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FIGURE 6.3: Two-consecutive-day grid demand in winter in Northern Ireland
(data are adapted from [5]).
Electricity tariffs: In the UK, there are three main electricity tariffs, namely
standard tariff, Economy 7 and Economy 10 in England (or Powershift tariff in
Northern Ireland). In Northern Ireland particularly, the standard tariff is called
a flat rate tariff in which the electricity rates are the same every day. The Econ-
omy 7 is a tariff in which the electricity price is much cheaper at night (01.00 –
08.00 h) compared to the flat rate, while the price in the daytime (09.00 – 24.00
h) is more expensive than the flat one. The Powershift can be defined as a time-
of-use tariff, including three distinct rates: low rate applies between midnight
and 08.00 h; normal rate is between 08.00 – 16.00 h and 19.00 – 24.00 h; peak
rate applies from 16.00 – 19.00 h. In this study, the aims of the demand response
control were to shift the heating demands from peak hours (16.00 -19.00 h) to
off-peak periods. Therefore, the Powershift was an appropriate tariff for calcu-
lating the running costs of the cascade heat pumps in this study. Furthermore,
for comparison purposes, the flat rate tariff was applied to the reference case in
which the heat pump was not controlled to shift the house heating demands,
and the TES was not used. The electricity prices of the flat rate and the Power-
shift in Northern Ireland can be seen in Figure 6.4.
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FIGURE 6.4: Electricity prices of the flat rate and the Powershift tariff in North-
ern Ireland [6].
Wind energy: In Northern Ireland (the UK), there are high proportions of
wind energy dispatch-down, according to the report of EIRGRID [27]. In Fig-
ure 6.5, the highest figures are seen at night and in the afternoon. Therefore,
the load shifting control strategies in this study were also designed to operate
the cascade heat pump during the periods of the high wind curtailment power,
which in turn can help more proportions of wind energy to be integrated into
the grid.
FIGURE 6.5: Average wind curtailment by hour of the day across the year 2018
in Northern Ireland (data are adapted from [7]).
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Weather data: The weather data used to run the simulations were the Me-
teonorm data of Belfast - Northern Ireland (the UK), available in TRNSYS files.
The average ambient temperatures versus 24 hours of winter, spring, summer
and autumn are depicted in Figure 6.6. The periods of each season in the UK can
be defined as follows: winter is from December to February; spring is March –
May; summer is between June and August; and autumn is September – Novem-
ber. It can be seen in the figure that, the trends of average temperatures of all
seasons are similar. They are lower in the night than in the daytime, and the
highest air temperatures occur from 13.00 h to 16.00 h.
FIGURE 6.6: Average hourly ambient temperatures in each season in Belfast,
Northern Ireland obtained from TRNSYS weather data.
The storage sizes and temperature set points: Seven tank sizes were investi-
gated in this study to evaluate the performance of the designed load shifting
strategies. The sizes ranged from 0.6 m3 to 1.2 m3 with an increment of 0.1 m3.
Additionally, three different temperature set points of the tank were conducted,
including 65 °C, 70 °C and 75 °C. There are two main reasons why the investi-
gated tank set points were limited from 65 °C to 75 °C. First, if the tank set point
is higher than 75 °C, the heat pump needs to lift its outlet water temperatures
approximately over 80 °C (about 5 °C difference to the set point of the tank)
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to maintain the heat transfer rate between the heat pump and the storage via
the heat exchanger, as stated in [4]. This hence makes the heat pump reduce its
efficiency. Second, if the tank set point is reduced below 65 °C, it would result
in the larger tanks to store enough energy to shift wholly the heating demand
to off-peak hours. Since the real TES was custom made, its heat losses were
higher than the units that are currently available in the UK market. Its average
heat loss coefficient found in the experimentally validated model mentioned in
Chapter 3 was about 2.5 W/m2K. Therefore, the average heat loss coefficient
of the TES carried out in the simulations with the applied DSM strategies was
improved to 0.6 W/m2K [50].
Periods of the storage tanks to get fully charged: To decide what time of a day
the cascade heat pump should be turned on to charge the TES, a set of simu-
lations was initially run to determine the periods the TES could reach its tem-
perature set points from the cut-off temperature (55 °C). The times for the TES
tanks to get fully charged are detailed in Table 6.1. The smaller tanks with the
lower set points could get fully charged in shorter periods than the larger tanks
with the higher set points. The times to fully top up the TES ranged from 54
minutes to 164 minutes.
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TABLE 6.1: Time for the TES fully charged and the determined starting time to





Time for the TES
fully charged
Starting time to charge the TES (hour)
Strategy A Strategy B Strategy C
0.6 65 54 4 am 2 pm 4 am and 2 pm
70 68 4 am 2 pm 4 am and 2 pm
75 84 4 am 2 pm 4 am and 2 pm
0.7 65 62 4 am 2 pm 4 am and 2 pm
70 79 4 am 2 pm 4 am and 2 pm
75 97 4 am 2 pm 4 am and 2 pm
0.8 65 70 4 am 2 pm 4 am and 2 pm
70 89 4 am 2 pm 4 am and 2 pm
75 111 4 am 2 pm 4 am and 2 pm
0.9 65 79 4 am 2 pm 4 am and 2 pm
70 100 4 am 2 pm 4 am and 2 pm
75 124 3 am 1 pm 3 am and 2 pm
1 65 87 4 am 2 pm 4 am and 2 pm
70 112 4 am 2 pm 4 am and 2 pm
75 137 3 am 1 pm 3 am and 2 pm
1.1 65 95 4 am 2 pm 4 am and 2 pm
70 120 4 am 2 pm 4 am and 2 pm
75 150 3 am 1 pm 3 am and 2 pm
1.2 65 104 4 am 2 pm 4 am and 2 pm
70 132 3 am 1 pm 3 am and 2 pm
75 164 3 am 1 pm 3 am and 2 pm
6.2.4 Load shifting strategies
The investigation in this chapter aimed to seek the best schedule of operation of
the CAWHP coupled with the TES to improve system efficiency with minimised
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running costs and reduced wind energy curtailment, while avoiding the peak
demand periods as well as guaranteeing the thermal comfort of the end-users.
Therefore, three load shifting rule-based control strategies, namely Strategy A,
Strategy B and Strategy C, were designed based on the available electricity tariff
(Powershift tariff), the outdoor ambient temperatures, the utility peak hours
(16.00 – 19.00 h), and the periods of high wind curtailment.
6.2.4.1 Strategy A
In this strategy, the cascade heat pump was turned on to charge the TES at night
when the electricity rate was lowest according to the Powershift tariff (Figure
6.4), and the stored energy was later used during peak hours to satisfy the house
heat demands. Other than that period, the heat pump provided heat directly
to the house when the space and DHW demands were required. Flow chart
of this strategy is shown in Figure 6.7. By this strategy, the system could take
advantage of the lowest electricity while reducing the utility power demand
during peak hours.
To determine when the TES was charged at the night, there were four main fac-
tors to consider. First, in Figure 6.6, the ambient temperatures did not change
much during these hours, within 1 °C difference. Therefore, COPs of the heat
pump were not much different during this period. Second, it took about one
hour to three hours, depending on the tank sizes and temperature set points, to
get it fully charged (Table 6.1). Meanwhile, it needed to be sure that the TES got
fully charged before the first house heat demands were called at 06.00 h (Figure
6.2). Third, as the TES was charged at night and then used in the afternoon,
its efficiency due to standing heat losses should be minimised. Finally, the per-
centages of the wind power curtailment were highest from 03.00 h to 05.00 h
(Figure 6.5). If the cascade heat pumps were used during these hours, it could
help more proportions of this renewable energy to be integrated into the grid.
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Based on these factors, the hours to start charging the TES were at 03.00 h and
04.00 h depending on the tank sizes and temperature set points, as mentioned
in Table 6.1.
FIGURE 6.7: Flow chart of Strategy A.
6.2.4.2 Strategy B
In this strategy, the CAWHP was on to top up the TES at daytime between
09.00 h and 16.00 h to take advantage of the high ambient temperatures (Figure
6.6) while getting the normal rate electricity price (Figure 6.4). Then, the stored
energy was used during peak hours. This operation could help the cascade heat
pump improve its efficiency and shift the peak grid demand. Flow chart of this
strategy can be seen in Figure 6.8
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There were four main factors to determine what time the TES was topped up.
The first factor was due to the ambient temperatures. Looking at Figure 6.6,
the ambient temperatures in 09.00 – 16.00 h were highest from 13.00 h to 16.00
h, so the TES should be charged during these hours. The second was of wind
energy curtailment. In Figure 6.5, the highest wind dispatch-down power was
from 13.00 h to 15.00 h. The third and fourth factors were the standby losses of
the TES and the times for the tank to get fully charged. As a result, the time to
start the CAWHP to charge the TES was at 13.00 h and 14.00 h depending on
the tank sizes and temperature set points, as reported in Table 6.1.
FIGURE 6.8: Flow chart of Strategy B.
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6.2.4.3 Strategy C
In this strategy, the cascade heat pump was on to top up the TES at both the
night time and the daytime to take advantage of both the low electricity rates
and the high ambient temperatures. Particularly, the night time stored energy
was used for the house heat demands in the morning (06.00 – 09.00 h). As
the electricity price was still lowest from 06.00 h to 08.00 h (Figure 6.4) in the
period of the morning demands, the cascade heat pump provided heat directly
to the house for two hours (06.00 - 08.00 h), while the stored energy at the night
time was used for only one hour (08.00 – 09.00 h) to satisfy the house demands.
Additionally, the daytime stored energy was used during peak hours. Flow
chart of this strategy is illustrated in Figure 6.9
Considering the same factors as the above Strategy A and Strategy B, the hours
to start the CAWHP to top up the TES were at 04.00 h and 14.00 h for the lower
tank sizes and set points, while at 03.00 h and 14.00 h for the larger tanks and
higher temperature set points. These are detailed in Table 6.1.
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FIGURE 6.9: Flow chart of Strategy C.
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6.3 Simulation results and Discussion
6.3.1 Optimal tank sizes and temperature set points
To find the optimal tank sizes and temperature set points for the designed load
shifting control strategies, a set of simulations was carried out. 63 simulations in
total were run interchangeably with different tank sizes and set points and three
different control strategies. The simulations were run with one-minute steps for
two winter months, January and February, where the ambient conditions were
most severe in the year.
The summary of the simulation results is shown in Table 6.2. It includes the
total running costs and the total energy consumption of the cascade heat pumps
during peak hours. Looking at each control strategy in the table, if the tank sizes
and temperature set points were lower, the running costs were higher. Similarly,
the CAWHPs consumed more energy during peak hours if the tank sizes and
temperature set points were lower. Therefore, the optimum tank size was 1.2
m3, and the optimum temperature set points of the storage was 75 °C. With this
system design, Strategy B and Strategy C could wholly shift three-hour peak
demands.
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TABLE 6.2: Total running costs and energy consumption during peak hours of
the cascade heat pump in two winter months applied the three load shifting





Total running costs of the heat pump
(£)
Total energy use of the heat
pump during peak hours (kWh)
Strategy A Strategy B Strategy C Strategy A Strategy B Strategy C
65 0.6 401 406 392 657 615 631
0.7 397 403 388 625 581 597
0.8 392 400 383 592 546 563
0.9 388 396 379 560 511 528
1 383 393 374 526 476 493
1.1 378 389 369 493 440 458
1.2 373 386 364 459 404 422
70 0.6 388 396 379 564 517 530
0.7 381 391 372 513 465 478
0.8 373 385 365 463 412 425
0.9 366 380 358 412 358 372
1 358 375 351 400 305 320
1.1 351 369 343 309 250 265
1.2 344 364 336 256 196 216
75 0.6 374 386 367 469 417 427
0.7 364 379 357 401 347 357
0.8 355 371 347 334 276 285
0.9 345 365 338 268 209 219
1 335 357 328 197 135 148
1.1 324 349 318 123 59 73
1.2 314 344 309 49 0 0
6.3.2 Comparison of three load shifting strategies
In order to compare the performance of the designed load shifting strategies,
another set of simulations was run. The optimum tank size of 1.2 m3 and the
optimum tank temperature set point of 75 °C found in the previous Section 6.3.1
were selected in these simulations. The simulations were run with one-minute
intervals for a whole year period. Apart from the simulations for the three
Chapter 6. Load Shifting for Cascade Heat Pump Coupled with Thermal Energy
Storage: Tariff-based Schedule Approach 141
control strategies, one simulation, named Base Case, was run with the CAWHP
providing heat directly to the house without the TES. This means that there was
not load shifting in this Base Case.
Table 6.3 summaries the annual results of the investigated simulations. Note
that the useful heat output accounts for the heat losses of the whole system.
TABLE 6.3: Summary of simulation results of three control strategies and Base
Case.
Base Case Strategy A Strategy B Strategy C
Annual useful heat output [kWh] 21412 23442 23503 23619
Annual energy consumption [kWh] 9646 11911 11518 11869
Annual wind curtailment prevention [kWh] 8707 10687 10332 10697
As for energy consumption, the CAWHP in Base Case consumed least energy
compared to the ones in the other control strategies, 9646 kWh per year (Table
6.3). The energy utilisation of the cascade heat pump was lower in Strategy
B (11518 kWh/year) than in Strategy C (11869 kWh/year). The heat pump in
Strategy A used the highest energy (11911 kWh/year).
With regards to running costs, although Strategy C made the cascade heat pump
consume more energy than the ones in Base Case and Strategy B, its annual
running cost was lowest (£1345), as shown in Figure 6.10. Note that the flat
rate tariff (£0.175/kWh) was applied to calculate the running cost of the heat
pump in Base Case, while the Powershift tariff (low rate: £0.0953/kWh, nor-
mal rate: £0.143/kWh, peak rate: £0.254/kWh) was used for the cascade heat
pump in three load shifting strategies. Strategy C was designed to take ad-
vantage of both the low electricity rates and the higher ambient temperatures,
thereby improving its overall efficiency and reducing its running costs. Com-
pared to Strategy B (£1545 per annum), Strategy A (£1368 per annum) obtained
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lower operating cost, meaning that the lower electricity rates played a more im-
portant role than the higher ambient temperatures. Base Case was the worst
system operation as its yearly operating cost was highest (£1688).
FIGURE 6.10: Annual operating costs of three control strategies and Base Case.
In terms of thermal comfort, Figure 6.10 also illustrates the total comfort time
in the year of three load shifting strategies and Base Case. The total hours of
comfort were calculated based on the time in which the room temperature was
over the set point during the occupied periods. Considering three load shifting
strategies, Strategy C could maintain better thermal comfort than the other two
strategies. While Base Case was the most expensive operation as mentioned
above, its thermal comfort was just slightly higher than the levels of Strategy B
and Strategy C.
To see how the designed control algorithms affected the utility demand power,
the one-day impact figure of the CAWHPs applied the load shifting strategies
along with the breakdown of energy consumption of the cascade heat pumps
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during off-peak and peak hours in the one-year period are illustrated in Fig-
ure 6.11 and Figure 6.12, respectively. Note that cascade heat pumps are more
suitable to be retrofitted into ageing and high heat loss houses rather than new
buildings [17], the cascade heat pump electrical demand in Figure 6.11 is there-
fore assumed to be aggregated with 10% of the current old housing stock in
Northern Ireland (10% of 211270 buildings [94]). The breakdown of energy util-
isation in each figure in Figure 6.12 accounted for only one single cascade heat
pump. In Figure 6.11, it can be seen that the CAWHP without the load shifting
would pose challenges to the grid as there was an added peak demand (maxi-
mum of about 120 MW) from 16.00 h to 19.00 h. Considering the cascade heat
pumps with three load shifting strategies in the same figure, their operation was
totally avoided during peak hours. In Figure 6.12, the annual energy use was
separated into four periods representing the electricity rates in the Powershift
tariff: low rate (0.00 – 08.00 h), normal rate (08.00 – 16.00 h and 19.00 – 24.00
h), peak rate (16.00 – 19.00 h). It can be seen in the figure that Strategy B and
Strategy C could shift wholly the house demands from peak to off-peak hours
for the whole year period, which in turn was beneficial for the utility power de-
mand. Furthermore, according to Strategy C, the cascade heat pump consumed
the highest level of energy during the nighttime (0.00 - 08.00 h) where the low
grid demand was observed.
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FIGURE 6.11: One-day impact of the cascade heat pump applied the load shift-
ing strategies on the grid (the electrical power of the heat pump is aggregated
with 10% of the current ageing houses in Northern Ireland).
FIGURE 6.12: Breakdown of energy consumption of the cascade heat pump in
peak and off-peak hours.
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How much wind energy curtailment could be prevented in Northern Ireland
was also evaluated for the load shifting strategies. Figure 6.13 shows an ex-
ample of one-day wind curtailment power and the power consumption of the
cascade heat pump to illustrate how the numbers of the wind curtailment pre-
vention was calculated in Table 6.3. In particular, if the heat pumps operated
during the periods of wind dispatch-down, it was assumed that wind energy
would be used by the heat pumps. In Table 6.3, the amount of wind energy
curtailment prevention was highest (10679 kWh) with the cascade heat pump
applied the load shifting Strategy C, while that was lowest (8707 kWh) with the
cascade heat pump operating without load shifting.
FIGURE 6.13: Example of one-day heat pump power consumption in three con-
trol strategies and Base Case along with wind curtailment power in Northern
Ireland (wind dispatch-down data are of 2018 and adapted from [7]).
In short, it can be said that Strategy C was the best load shifting control strategy
because it could help the CAWHP reduce annual running costs, maintain better
levels of thermal comfort, perfectly avoid the grid power demand during peak
hours, and allow the highest proportions of wind energy to be integrated into
the grid.
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6.3.3 Retrofit assessment of the cascade heat pump applied Strat-
egy C
Since Strategy C yielded the best system operation compared to the other two
strategies, as mentioned in the previous section, the performance of the CAWHP
applied Strategy C was compared to the performance of gas and oil boilers to
assess its retrofit ability in the UK. In particular, the running costs and carbon
emissions of the 60%, 70%, 80% and 90% efficiency gas and oil boilers were the
measures to compare with the results of the cascade heat pump applied Strat-
egy C. These boilers represent from old heavy weight boilers to new condensing
boilers that are popular in the UK housing stock.
The summary of the comparison results can be seen in Table 6.4. The oil price
was £0.068/kWh [89]. The gas price was £0.06508/kWh for the first 2000 kWh,
and £0.0459 /kWh for the after 2000 kWh [90]. The carbon emissions factors
were 0.2 kgCO2/kWh and 0.243 kgCO2/kWh for gas and oil, respectively [91].
Time-series carbon intensity on the grid of all Ireland in 2018 [5] was used to
calculate the carbon emissions of the cascade heat pump. One-week example
of 15-minute carbon intensity data can be seen in Figure 6.14.
FIGURE 6.14: One-week carbon intensity on the grid of all Ireland in 2018 (data
are adapted from [5]).
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TABLE 6.4: Annual results of energy consumption, running costs and carbon








Strategy C - 11869 1345 4562
Oil boiler 60 29977 2038 7284
70 27836 1893 6764
80 25694 1747 6244
90 23553 1602 5723
Gas boiler 60 29977 1414 5995
70 27836 1316 5567
80 25694 1218 5139
90 23553 1119 4711
Figure 6.15 depicts the percentages of yearly operating cost savings of gas and
oil boilers compared to the heat pump applied Strategy C. The positive val-
ues in the figure indicate that the heat pump can obtain running cost savings
compared to boilers, while negative values indicate the heat pump is more ex-
pensive to run than boilers. It can be seen in the figure that, if the CAWHP was
retrofitted into the houses using oil boilers or low efficiency gas boiler (60%),
Strategy C could help the homeowners to save the running costs (from 5% to
34%).
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FIGURE 6.15: Annual running cost savings of the retrofit CAWHP applied
Strategy C compared with boilers (positive values indicate the heat pump can
obtain running cost savings, while the negative indicates it is more expensive
to run).
In Figure 6.16, the percentages of annual carbon savings of gas and oil boilers
compared to the CAWHP with Strategy C. The positive values in the figure
indicate that operating the heat pump emits less carbon than running boilers. It
can be seen in the graph that there were carbon emission savings ranging from
3% to 37% if all oil and gas boilers were replaced by the heat pump applied
Strategy C.
FIGURE 6.16: Annual carbon savings of the CAWHP applied Strategy C com-
pared with boilers (positive values indicate that running the heat pump emits
less CO2 than running boilers).
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Although Strategy C could not help the cascade heat pump to acquire cost sav-
ings compared to the high efficiency gas boilers (over 70%), there were cost
benefits and carbon emissions savings if the CAWHP applied Strategy C was
retrofitted into the houses using oil boilers. As of the simulation results men-
tioned in Chapter 5, the CAWHP with and without TES could not defeat high
efficiency oil boilers (90%) in terms of running costs. Therefore, the results in
this chapter indicates that Strategy C could help increase the retrofit rates of
CAWHPs into the domestic buildings in off-gas grid areas, where the heating
systems highly rely on oil boilers [17], due to their better operating costs and
carbon emissions compared to fossil-fuel boilers.
6.4 Summary
Different load shifting control strategies for a CAWHP coupled with TES are
presented in this chapter. The control strategies were designed to shift the heat-
ing electrical demands from peak to off-peak hours following the electricity
rates of the Powershift tariff. Three control strategies were developed with the
aims to improve the system operation efficiency to obtain minimised running
costs and reduced wind power curtailment. TRNSYS simulation software was
used to model and simulate the system applied the developed control algo-
rithms. The simulation results indicated that:
• If the cascade heat pump was used for the heating system, the tank size
of 1.2 m3 along with the tank temperature set point of 75 °C could shift
wholly the house heat demand to off-peak periods with minimised run-
ning costs.
• Strategy C, in which the cascade heat pump was forced to charge the TES
at 3.00am (low electricity rate) and 2.00pm (high ambient temperatures),
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and the stored energy was then discharged in the morning and afternoon,
respectively, was the best load shifting strategy. It could obtain minimised
running costs, perfect three-hour peak load shifting, high levels of thermal
comfort and high proportions of wind energy integrated into the grid,
compared with the other two strategies.
• If the cascade heat pump was not controlled (Base Case scenario), its run-
ning costs were highest and it negatively affected on the grid; however,
thermal comfort could be achieved well.
• Strategy C could help the cascade heat pump save operating costs (16%
- 34%) and carbon emissions (20% - 37%) when it was retrofitted into the
houses using oil boilers.
• While the cascade heat pump applied Strategy C could not beat high ef-
ficiency gas boilers (70 – 90%) in terms of running costs, it could acquire
carbon savings from 3% to 24%.
Chapter 7
Conclusion and Future Work
7.1 Summary of Contributions
In this thesis, the retrofit applications of the variable capacity CAWHP with
and without the TES in UK residential buildings using experimentally validated
simulations have been presented.
First, the TRNSYS models of an inverter CAWHP, a TES tank, and a whole
couple dynamic simulation building, were developed and calibrated/validated
against the experimental results. In particular, the variable capacity CAWHP
was modelled using the performance map-based approach, which was success-
fully calibrated and validated against the laboratory and in-situ results. The
TES tank and the whole couple dynamic building simulation model were also
calibrated utilising the data collected from the field trial experiments.
Second, the annual techno-economic assessment of the CAWHP system (with-
out TES) retrofitted into UK residential buildings was carried out, as explained
in Chapter 4. Particularly, the retrofit CAWHP was investigated with different
scenarios, including varied property types and ages (nine archetypes), different
locations across the UK (four locations), and two control strategies (fixed flow
water temperature and weather compensation control). The main outcomes of
the simulation results were that the operating costs of the retrofit CAWHP were
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higher than those of gas boilers and high efficiency oil boilers (90% efficiency);
however, there were cost savings if the 60%, 70% and 80% efficiency oil boil-
ers were replaced by the retrofit CAWHP. In addition to running costs, CO2
emissions of the retrofit CAWHP were less than those of all gas and oil boilers,
ranging from 14% to 58%. Based on these results, it can be concluded that the
selected CAWHP is a good candidate for retrofitting the UK domestic built en-
vironment in off-gas grid area, where most of the properties are old or high heat
losses and running with low efficiency oil boilers (below 80% efficiency). More-
over, while the CAWHP was more expensive to run than the high efficiency
oil boilers and all gas boilers, the less carbon emissions of the retrofit CAWHP
would be a good sign for the future uptake of this renewable-based technology.
Third, the comparative performance of the retrofit CAWHP coupled with the
TES tank in different scenarios was conducted using the validated models in
TRNSYS environment, as discussed in Chapter 5. Three operation modes, in-
cluding direct heating, buffering system, and combined mode, were investi-
gated to compare their energy performance in line with running costs. The
direct heating achieved the highest annual efficiency (COPsys of 2.12) followed
by the combined (COPsys of 1.88), while the buffering system had the worst
performance (COPsys of 1.41). The reasons behind the low efficiencies in the
buffering and the combined mode were mainly due to the high outlet water
temperatures required to top up the TES tank and its parasitic losses. In terms
of running costs, the combined mode was a promising system configuration
as its operating cost was lowest thanks to the Economy 7 tariff. However, its
operating cost was still higher than those of gas boilers and 90% efficiency oil
boilers.
Finally, three load shifting strategies for the CAWHP coupled with the TES in
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the hard-to-heat building were studied, as shown in Chapter 6. The load shift-
ing algorithms were designed based on the Powershift tariff to shift the opera-
tion of the cascade heat pump to off-peak periods. These control strategies were
developed with the aims to improve the system operation efficiency to obtain
minimised running costs and reduced wind power curtailment. TRNSYS sim-
ulation software was also utilised to simulate the validated models applied the
load shifting strategies. The simulation results indicated the tank size of 1.2 m3
in line with the tank temperature set point of 75 °C could wholly shift the oper-
ation of the CAWHP to off-peak periods with minimised running costs. Addi-
tionally, the load shifting strategy in which the CAWHP was shifted to charge
the TES at 03.00 h (low electricity rate) and 14.00 h (high ambient temperatures)
was the best strategy. It could achieve minimised running costs, perfect three-
hour peak load shifting, high levels of thermal comfort, and high proportions of
wind curtailed prevention. Furthermore, this load shifting strategy could help
the CAWHP save operating costs (16 - 34%) and carbon emissions (20 - 37%)
when it was retrofitted into the buildings running with oil boilers. While the
cascade heat pump applied Strategy C could not beat high efficiency gas boil-
ers (70 – 90%) in terms of running costs, it could acquire carbon savings from
3% to 24%.
7.2 Future Work
This research focussed on: (1) developing and validating the model of a CAWHP
model coupled with a TES tank model in a dynamic building simulation model
in TRNSYS environment; (2) assessing the annual techno-economic performance
of the CAWHP system (without TES) when retrofitted into UK residential build-
ings; (3) evaluating the system performance of the retrofit CAWHP coupled
with TES in different configurations in a residential dwelling; (4) investigating
load shifting for the CAWHP coupled with the TES tank with enhanced system
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energy efficiency to achieve minimised running costs and reduced wind energy
curtailment.
Future work could include:
• In this study, the CAWHP was modelled using the performance map-
based approach. Future work could develop and validate this kind of
heat pump using physical approaches, which could enable further inves-
tigations for the performance of cascade heat pumps at component design
level, such as transient states.
• More laboratory tests could be carried out for the inverter CAWHP. Since
the data used to model and validate the cascade heat pump model at dif-
ferent part load ratios in this research were obtained from the field trial
experiments, future work should test the cascade heat pump at different
part load conditions in the lab, where outdoor temperatures can be con-
trolled.
• The annual techno-economic performance of the CAWHP system (with-
out TES) could be conducted for more property types, such as listed build-
ings which are often in off-gas grid areas along with high heat losses.
• The load shifting strategies for the CAWHP in this research were investi-
gated using parametric study. Therefore, future work could develop the
load shifting further using optimisation approaches.
• The designed load shifting strategies were rule-based control which is
simple. They were mainly designed and implemented based on the fixed
tariffs, the average whole year ambient temperatures and the assumed
identical heating demand hours. Therefore, this control approach is in-
flexible and has some limitations. Model-predictive control which is more
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advanced can be used to reduce energy consumption and improve ther-
mal comfort within buildings further. While this advanced control is ex-
pensive and requires expertise levels, it can deal with real time dynamic
electricity prices, real time ambient temperatures and occupant behaviors.
As a result, future work should develop load shifting strategies further us-
ing this advanced control approach to optimise energy savings and bene-
fits for grid operations.
• Future avenue for load shifting could study phase change materials for
the TES tank, with the aim to reduce the size of the storage while remain-
ing its required heat capacity.
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